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ABSTRACT 
 
Aquatic vegetation covers the beds of natural streams and plays an important role 
on both their physical and biological aspects, and it is important to reach a compromise 
between its uncontrolled growth and its complete removal.  
This work focuses on the hydrodynamic effects of a fully submerged patch of vegetation 
through velocity measurements, injections of dye and advanced visualization techniques. 
However, the study required compliance with several specific conditions. The tracer, in 
order to have a consistent relation with the water motion, must have the same specific 
weight of the water and, for this reason, it was properly mixed with isopropyl alcohol and 
water. Moreover, the dye cannot be subject to strong velocity gradients close to the 
injection point; thus, it was injected from inside the vegetation patch where the flow 
velocity is extremely low. A further condition was to have fully developed uniform flow 
in the injection region, for which the boundary layer development along the flume was 
studied. 
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 I 
 
SOMMARIO 
 
 Questo breve sommario ha lo scopo di sintetizzare in lingua italiana gli argomenti 
affrontati all’interno del lavoro di tesi, al fine di rendere il contenuto accessibile anche a 
chi non è familiare con la lingua inglese. Per ogni capitolo verrà riportata un’opportuna 
traduzione in italiano del titolo originale e fatta una breve sintesi dei contenuti presenti al 
suo interno. 
 
 
Introduzione – Introduction 
 
 Storicamente l’argomento della vegetazione acquatica è stato trattato 
principalmente in riferimento alla resistenza idraulica, per la quale una completa 
rimozione delle piante risulta essere generalmente la migliore delle soluzioni.  
Successivamente si è capito come questo non fosse spesso il miglior approccio al 
problema, la presenza di vegetazione infatti ha effetti positivi sia dal punto di vista 
ingegneristico che ambientale: stabilizza le sponde, limita l’erosione, cattura i sedimenti 
sospesi, migliora la qualità dell’acqua purificandola da elementi inquinanti e contribuisce 
al mantenimento dell’ecotono fluviale e della biodiversità.  
Esiste una grande varietà di piante acquatiche: dalle sommerse alle emerse, dalle rigide 
alle flessibili, da quelle uniformemente distribuite a quelle a macchie. Questo lavoro in 
particolare si focalizza sullo studio della vegetazione sommersa flessibile distribuita a 
macchie. Questa può avere diversi effetti su un moto a pelo libero come deviazioni di 
corrente, scie e vortici, i quali a loro volta influenzano la resistenza idraulica e il trasporto 
di sostanze sospese.  
Per queste ragioni è importante migliorare la conoscenza dell’argomento ed individuare 
il giusto rapporto tra completa rimozione e crescita incontrollata delle piante, 
perseguendo allo stesso tempo sia fini ingegneristici che ambientali. 
 
 
 
 II 
 
 
1. Basi Teoriche – Theoretical Background 
 
 Questo primo capitolo inquadra il problema della resistenza idraulica nei canali 
vegetati da un punto di vista prettamente teorico. A partire dalle distribuzioni di velocità 
proposte prima da Nikuradse (1993) e poi modificate da Keulegan (1939) per i moti a 
pressione, per arrivare alle formule di Darcy-Weisbach, Gauckler-Strickler e Chézy per i 
moti a pelo libero. Yen (2002) ha poi considerato i coefficienti di resistenza presenti in 
queste relazioni e individuato i principali fattori che li influenzano nel caso di presenza 
di vegetazione acquatica. 
 
 
2. Rassegna Critica della Letteratura – Literature Review 
 
 In questo capitolo vengo esposti, commentati e confrontati i maggiori traguardi 
raggiunti nel campo della vegetazione acquatica dal punto di vista idraulico.  
Nella prima metà del ventesimo secolo, la resistenza idraulica ( sia nel caso di canali 
vegetati che non) veniva generalmente stimata prevalentemente su basi soggettive, con 
risultati non sempre soddisfacenti e affidabili. E’ con l’avvento di diversi studi su base 
sperimentale (Kouwen, 1969), che nella seconda metà del secolo scorso l’approccio 
all’argomento è cambiato, da prevalentemente empirico a teorico e analitico. Da quel 
momento in poi sono stati proposti diversi tipi di profili di velocità nel caso di vegetazione 
flessibile sommersa uniformemente distribuita, come ad esempio: profilo logaritmico 
(Kouwen, 1969), profilo logaritmico modificato (Stephan, 2002) e profilo a legge di 
potenza (Carollo et al., 2005). Dai primi esperimenti condotti prevalentemente in 
laboratorio, altri studi, basati su misurazioni in campo, si sono susseguiti al fine di 
esplorare ambiti ancora non opportunatamente investigati, come ad esempio gli effetti di 
macchie di vegetazione distribuite in maniera disuniforme sulla resistenza idraulica 
(Nikora et al., 2008 e Sukhodolov et al., 2010). 
  Mentre i lavori fino a qui elencati descrivono la resistenza addizionale fornita dalla 
vegetazione attraverso parametri di resistenza globale a scala di corso d’acqua, diversi 
autori si sono focalizzati su fenomeni a scala di macchia, vortici di Kelvin-Helmotz, scie, 
correnti secondarie e fenomeni turbolenti (Nepf e Vivoni, 2000, Ghisalberti e Nepf, 2006)  
 III 
 
o a scala di pianta, galleggiamento, movimento e flessione del singolo stelo (Luhar et al., 
2012, Nepf, 2012), con l’obiettivo di giustificare fisicamente gli eventi a scala maggiore 
con i meccanismi che si sviluppano a scala inferiore. 
Infine, in diversi studi (Ghisalberti and Nepf, 2009, Zong et al., 2011, Chen et al., 2012), 
è stato usato un approccio molto simile a quello che verrà usato in questo lavoro, 
combinando misure di velocità ad iniezioni di colorante. Le prime utili per avere dati 
quantitativi sulle caratteristiche del moto, le seconde per avere dati prevalentemente 
qualitativi, benché, usando tecniche avanzate di analisi d’immagine, sia possibile 
ottenerne anche dei risultati quantitativi. 
  
 
3. Aspetti Non Ancora Investigati e Obiettivi dello Studio – Knowledge 
Gaps and Research Objectives 
 
 Sebbene un gran numero di aspetti legati alla vegetazione acquatica siano già stati 
investigati, l’effetto sulla resistenza idraulica di macchie di vegetazione flessibile 
sommersa diversamente distribuite non è ancora stato analizzato con esperimenti in 
laboratorio. Rispetto agli studi in campo, questo permette di aver il completo controllo su 
numerosi parametri, come ad esempio sul tipo di vegetazione (artificiale o flessibile), 
sulla sua densità all’interno di una macchia, sulla forma e distribuzione delle macchie, sul 
grado di sommergenza, sui parametri idraulici, ecc.  
Questo studio si focalizza sugli effetti generati da una singola macchia di vegetazione su 
una corrente a pelo libero, analizzati attraverso misure di velocità e iniezioni di colorante. 
I risultati saranno utili per meglio comprendere le cause delle perdite d’energia indotte 
dalla vegetazione, le quali sono tra i principali fattori che caratterizzano la resistenza 
idraulica. 
Gli obiettivi dello studio possono essere così riassunti: 
 
 visualizzazione del flusso a valle di una macchia di vegetazione sommersa 
attraverso l’iniezione di colorante; 
 analisi delle serie temporali delle velocità misurate; 
 analisi delle velocità mediate nel tempo; 
 IV 
 
 analisi delle serie temporali dei valori di concentrazione ottenuti a partire dalle 
iniezioni di colorante attraverso processi di analisi d’immagine; 
 analisi delle concentrazioni mediate nel tempo; 
 ricerca di correlazione tra velocità e concentrazioni. 
 
 
4. Materiale in Dotazione -  Equipment 
 
 Gli esperimenti sono stati condotti in una canaletta artificiale lunga 11 mm e larga 
40 cm, con le parti laterali alte 25 cm, in dotazione al laboratorio di meccanica dei fluidi 
presso l’Università di Aberdeen. Il fondo della canaletta, ricoperto di velcro, permette di 
spostare rapidamente le macchie, consentendo la creazione di un gran numero di 
configurazioni diverse. Le macchie, costituite di vegetazione artificiale, hanno forma 
quadrata con lato pari a 10 cm. 
Per le misure di velocità è stato usato il Vectrino della Nortek, strumento che permette di 
misurare le tre componenti della velocità nel tempo in un piccolo volume (approssimabile 
ad un punto) distante 5 cm dalla sonda con una frequenza di 100 Hz.  
Per l’iniezione del tracciante è stata utilizzata una pompa a siringa, la quale consente un 
controllo preciso delle portate in uscita. Come tracciante si è scelto di usare una soluzione 
composta da colorante alimentare, alcol isopropilico e acqua, al fine di ottenere lo stesso 
peso specifico dell’acqua. In questo modo il tracciante si muoverà di conserva con 
l’acqua. 
 
 
5. Esperimenti Preliminari – Preliminary Experiments 
 
 In questo capitolo sono mostrati i risultati di tre diversi esperimenti preliminari. 
Nel primo si è misurato il campo di velocità a monte della macchia, al fine di comprendere 
il comportamento della corrente nell’approcciarsi alla vegetazione e di individuare la 
posizione ideale di un ipotetico punto di iniezione a monte della macchia (sebbene alla 
fine si sia scelto di iniettare il colorante dall’interno della macchia). Dai risultati emerge 
come l’acqua inizi a risentire degli effetti della vegetazione a circa 15 cm da questa, dopo 
i quali cerca di avanzare superando superiormente e lateralmente l’ostacolo. Solo una 
 V 
 
minima parte d’acqua passa attraverso il gruppo di piante, zona in cui la velocità assume 
valori prossimi allo zero. Un buon punto di iniezione deve appartenere ad una zona in cui 
il gradiente di velocità non sia elevato, di conseguenza potrebbe essere preso dopo i 10 
cm, a seconda del tirante d’acqua considerato. 
 Il secondo esperimento è consistito nell’individuare un tempo di misura delle 
velocità sufficientemente ampio da poterne studiare sia le velocità medie che le 
componenti pulsanti. Si è misurata la velocità per 30 minuti in un punto vicino al fondo 
e in uno circa a metà della profondità. Facendo alcune analisi statistiche e limitando 
l’errore al 1%, si è scelto un tempo di misura pari a 3 minuti.  
 Nel terzo esperimento si è voluta identificare la zona in cui il moto fosse uniforme 
e pienamente sviluppato. Attraverso numerose misure di velocità lungo tutta la lunghezza 
della canaletta e diverse analisi sulle velocità media e sulla turbolenza, si è concluso che 
le condizioni cercate si verificano tra i 5 e i 7 m, motivo per cui si è scelto di posizionare 
la vegetazione a 6 m. 
 
 
6. Impostazioni Sperimentali – Experimental Set Up 
 
 In questo capitolo vengono presentate la pianificazione e l’impostazione degli 
esperimenti principali. Si specificano la posizione della macchia di vegetazione (x = 595 
cm) e le tre condizioni idrauliche relative ai tre tiranti analizzati (pari a 120, 100 e 65 mm 
corrispondenti a tre diverse portate). Vengono mostrate le tre reti di punti in cui verranno 
misurate le velocità nei tre casi. Esse sono contenute in un piano verticale parallelo alla 
direzione della corrente e situato lungo la linea centrale della canaletta. Infine viene 
descritta la metodologia riguardante l’iniezione del colorante, come la posizione e 
dimensione dell’ago, i giri del motore della pompa e la durata dell’iniezione. Infine si 
spiega come l’iniezione venga registrata attraverso dei video realizzati dal lato della 
canaletta, ovvero la diffusione del tracciante viene mediata trasversalmente ed analizzata 
in direzione verticale e longitudinale. La videocamera utilizzata è in grado di acquisire 
video a 25 Hz, ovvero 25 fotogrammi al secondo, con una risoluzione pari 1920x1080. 
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7. Calcolo dei Parametri Idraulici – Calculation of Hydraulic Parameters 
 
 Uno studio in materia idraulica non può prescindere da un’esaustiva descrizione 
delle condizioni idrauliche che si vanno a ricreare. Vengono così spiegati i metodi di 
calcolo della profondità media, della pendenza della linea dell’energia, del numero di 
Reynolds e del numero di Froude.  
 
8. Risultati – Results 
 
 Una volta acquisiti i video riguardanti le iniezioni di colorante, essi sono stati 
elaborati con un processo di analisi dell’immagine basato sul software Matlab 2012. 
Fondamentalmente, ogni fotogramma viene convertito in scala di grigi e, grazie a dei 
valori di soglia, è possibile individuare in quali pixel è presente il colorante o meno. Ogni 
pixel in cui è presente il colorante avrà un certo valore di colore (il quale verrà tradotto 
in concentrazione in base ad una delle ipotesi di seguito riportate). Con questo metodo è 
possibile acquisire valori di colore per ogni pixel in ciascun fotogramma, permettendo 
seguire le variazioni della concentrazione sia nello spaio che nel tempo.  
Le ipotesi fondamentali su cui si basa il modello sono: 
 
 bidimensionalità: ogni dato relativo al tracciante viene mediato trasversalmente 
lungo l’asse y, conseguentemente possono essere colte solo variazioni della 
concentrazione nelle direzioni x e z; 
 relazione lineare tra intensità del colore e concentrazione: attraverso l’analisi 
d’immagine si riesce ad ottenere un valore corrispondente ad un certo grado di 
grigio in ogni pixel. Questo può considerarsi legato linearmente alla 
concentrazione del colorante, come ipotizzato da Nepf et al. nel 2005.  
 
Dall’analisi delle velocità mediate nel tempo, si registra la presenza di un vortice a valle 
della vegetazione, il quale, come si vedrà, favorisce una maggior permanenza del 
colorante a ridosso della macchia. Ad esso, inoltre, corrisponde un aumento dell’intensità 
degli sforzi turbolenti addizionali di Reynolds, i quali incrementano le perdite d’energia. 
Tuttavia, questi risultati sono del tutto simili per ciascuna delle tre portate analizzate, il 
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che porta a supporre che il campo di velocità a valle della macchia sia principalmente 
governato dalle caratteristiche della macchia stessa piuttosto che da quelle del flusso.  
A differenza delle velocità però, le distribuzioni spaziali delle concentrazioni 
medie variano notevolmente per ognuno dei tre casi. Quindi le caratteristiche idrauliche 
hanno un notevole effetto sulla turbolenza a valle della macchia a differenza di quanto 
trovato analizzando le velocità. Conseguentemente, questo implica come le misure di 
velocità così strutturate non siano sufficienti ad analizzare il fenomeno nel complesso. Il 
fatto si spiega con la presenza di due vortici simmetrici a valle della vegetazione, 
individuabili osservando dall’alto le iniezioni di colorante, che si sviluppano in direzione 
trasversale e longitudinale e le cui caratteristiche sono funzione sia della vegetazione che 
delle specifiche condizioni idrauliche. Con ogni probabilità sono questi due fenomeni 
turbolenti a caratterizzare maggiormente la diffusione del tracciante, a dispetto del vortice 
verticale.  
 
 
9. Conclusioni – Conclusions 
 
 Dai risultati ottenuti è stato possibile osservare come la presenza di un vortice a 
sviluppo verticale possa generare perdite d’energie addizionali legate alla turbolenza 
generata da una singola macchia. I passaggi successivi necessari per completare la ricerca 
consisteranno innanzitutto nell’ampliare il campo di misura delle velocità in modo tale 
da poter valutare i fenomeni turbolenti in direzione orizzontale. Questo può essere 
combinato con la registrazione di video delle iniezioni oltre sia dal lato anche dall’alto 
della canaletta, permettendo di studiare il problema in maniera completa.  
Si potranno inoltre usare macchie di diversa forma e densità, al fine di capire se questi 
parametri hanno un ruolo importante o meno nella caratterizzazione della turbolenza.  
Infine si dovranno valutare gli effetti sul flusso dovuti alla presenza di due o più macchie 
al variare della loro distanza e posizione mutua. Quest’ultimo passo permetterà di 
spiegare i meccanismi che governano le variazioni di resistenza idraulica al variare della 
densità e della disposizione delle macchie. 
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INTRODUCTION 
 
 For many years aquatic vegetation has been studied considering only its 
implications on hydraulic resistance, for which the best solution was a complete removal 
of the plants. However, it was discovered that the presence of in-channel vegetation has 
several positive aspects which cannot be ignored. Therefore, it has become necessary to 
improve the understanding of these aspects in order to consciously control the growth of 
aquatic vegetation. 
From a strictly engineering point of view, the presence of vegetation stabilizes river 
banks, improves the capture of suspended sediment (Palmer et al., 2004) and limits 
erosion, which also could lead to turbidity of water. On the other hand, in the last few 
decades, a higher understanding of environmental problems has emerged, whence the will 
to enhance the water quality and preserve the biodiversity by maintaining the river 
ecotone. Aquatic vegetation has an important role in the matter, in fact it has the ability 
to produce oxygen and to directly uptake nutrients and heavy metals (Kadlec et al., 1996). 
With the purpose to better understand these natural mechanisms, it is necessary to study 
the effects of vegetation on the hydrodynamic, which affects the diffusion of nutrients 
and waste liquids.  
Several types of aquatic vegetation exist, characterized by different rigidity, submergence 
level and plant distribution. All these aspects lead to many different hydrodynamic 
conditions, but while many of these cases have already been studied, e.g. wakes behind a 
porous rigid submerged obstacle (Chen et al., 2012) or Kelvin-Helmotz vortices over 
canopies of rigid or flexible vegetation (Ghisalberti et al., 2006), this work will focus on 
the analysis of the hydrodynamic effects of a single fully submerged patch, as current 
deviations upstream of the patch and wakes and vortices downstream of the patch. These 
phenomena directly affect the hydraulic resistance and the residence time of suspended 
substances, hence, through their investigation, it will be possible to optimize the ratio 
between vegetation removal and its free growth in order to achieve engineering, 
naturalistic and biological purposes.  
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1. THEORETICAL BACKGROUND 
 
The research in vegetated channel field began in the middle of nineteenth century, 
attracting more interest from researchers in the years. At the beginning the research has 
focused on the evaluation of the total hydraulic resistance taking in account the influence 
of the vegetation. Further, the studies have become more specific through the study of the 
effects of the vegetation, not only at the reach scale, but also at the blade and patch scale, 
which permitted to aspire to a complete understanding of the subject. This work will focus 
on the understanding of the flow behaviour downstream a submerged flexible patch 
through laboratory experiments based on advanced flow visualization techniques and 
velocity measurements. 
 
 
1.1 Uniform Flow in Open Channel 
 
The variability of the possible shapes of a channel cross section does not allow to 
establish a well-defined law for the velocity profile. A simplified approach (with a good 
agreement with the real behaviour of the water flow) considers that the velocity profile 
follows the logarithmic law. Keulegan (1938) has made Nikuradse’s (1933) relations for 
pipes suitable in the open channels case: 
 
		
ℎ      ∗ = 5,75 	  ∗ + 3,25     (1.1) 
 
	ℎ        ∗ = 5,75 	  ! + 6,25     (1.2) 
 
The main differences between the open channels and pipes are the following: 
 
 the boundary of the cross section is not fixed, because the water depth can change 
and, therefore, the liquid area can change also; 
 the friction between air and water is assumed negligible, hence, the wet perimeter 
is only the portion of the total perimeter between the water and the ground. 
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It is possible to assume the interaction between air and water negligible as long as the 
Froude number does not become too high (lower than 2 ~ 4). Contrariwise, waves and 
emulsification can be generated and the interaction is no longer negligible. 
For these reasons the wall shear stress becomes an average wall shear stress: 
 
#$% = & = & '(      (1.3) 
 
where A is the liquid area, C is the wet perimeter and S is the bed slope.  
However, the hydraulic resistance is not only a function of the bed roughness, thus, its 
definition is not so immediate to express. Rouse (1965) divided the overall hydraulic 
resistance in four different components: 
 
 surface friction; 
 form resistance or drag; 
 wave resistance from free surface distortion; 
 resistance associated with local acceleration or flow unsteadiness. 
 
By using the Darcy-Weisbach resistance coefficient f, the resistance was expressed 
through a symbolic function of six dimensionless parameters: 
 ) = *(+, ,, -, ., */, 0)     (1.4) 
 
where: 
 
 Re: is the Reynolds number; 
 K=ks/R: is the relative roughness; 
 η: represents the cross-sectional geometric shape; 
 N: represents the non-uniformity of the channel in both profile and plan; 
 Fr: is the Froude number; 
 U: represents the degree of flow unsteadiness. 
 
The Moody (1944) Diagram describes the friction factor f as a function of the relative 
roughness ks/d and of the Reynolds Number Re, hence, it is only a special case of the 
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function 1.4. Regardless, there are several relations with the same meaning of the Moody 
Diagram, one of the most famous is Colebrook-White’s (1937) formula : 
 12) = −45	 6  !47 + 484+2)9 
 
where K1, K2 and K3 are dependent of the channel geometry. 
In the Moody (1944) Diagram it is possible to observe that, in the region of fully 
developed turbulent flow in rough wall, the friction factor f becomes independent from 
the Reynolds number and the relative roughness. In these conditions, it has been possible 
to write the following empirical relations, valid in the case of uniform flow: 
 
 Darcy-Weisbach (f [-]) 
 
 = )4 :72     (1.5) 
 
 Gauckler-Strickler (Ks [m1/3/s]) 
 
: = 4!7/8√     (1.6) 
 
 Manning (1891) (n [m1/6], Kn [m1/2/s]) 
 
: = 4<= 7/8√     (1.7) 
 
 Chézy (χ [m1/2/s]) 
 
: = >√     (1.8) 
        
where S is the slope, U is the mean velocity in the cross section, R is the hydraulic radius 
and g is the gravity acceleration. 
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The equations 1.6 and 1.7 are equivalent, therefore Ks = Kn/n, where Kn has the only 
function to conform the measure units. In addition, it is not difficult to obtain the 
relationships between the different coefficients: 
 
( = @8) ;          4! = (5B ;           4! = @
85/8) ;           = = 4<@)5/88      (1.9) 
 
 
Through Keulegan’s relations (1938) it is possible to plot the variation of f as a function 
of R/ks (hydraulic radius on equivalent roughness) and to approximate its trend with a 
straight line: 
 
) ∝ E  !F
G58      H)     5 <  ! < 100 
 
consequently, through the relations (1.9): 
 
( ∝ E  !F
5B ;           4! ∝ E 1 !F
5B ;           = ∝  !5/B 
 
The last two coefficients are apparently independent from the flow conditions, in reality 
this is not exactly true, because in the normal practice they are used out of their application 
field, e.g. not uniform flow, out of the range of R/ks, presence of waves, etc.  
Because of relationships between the different coefficients, it is not possible to 
say if a coefficient is better than the others. “Historically, the Weisbach f has the 
advantage of being directly related to the development of fluid mechanics by scientists in 
Gottingen and other places, and hence, it is sometimes misquoted as being a theoretical 
coefficient The Chèzy formula is the simplest in form and has the longest history. 
Manning’s n has the advantage of being nearly a constant almost independent of low 
depth.” (Yen, 2002). The most authoritative source for f is the Moody Diagram and for n 
is the table in Chow (1959). For Chèzy χ, there is not a reference table. 
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1.2 Uniform Flow in Vegetated Open Channels 
 
The vegetation in channel may have different characteristics and, consequently, 
influence the water flow in different ways.  The vegetation can be rigid, where the greater 
contribution to the resistance is due to the drag, or flexible, where the effects of the 
vegetation depend on the interaction between the plants and the flow and, hence, on the 
grade of flexibility of the vegetation itself. Moreover, the canopies can be also categorized 
in submerged or emerged, with different implications in the hydraulic resistance. In 
particular, this thesis deals with the effects on the flow inducted by flexible submerged 
vegetation. 
In the case of vegetated channels the previous function, which related roughness 
coefficients with flow parameters, needs to be modified (Yen, 2002): 
 
), =5/B = * E+, */, K, ,   , LM, N, O, PF     (1.10) 
 
where: 
 
 k: is the height of the plant; 
 Lv: is a representative geometry measure; 
 J: indicates the flexibility of the vegetation; 
 D: it is the relative submergence; 
 M: represents the density distribution on the bed. 
 
Where in the case of steady uniform flow with rigid vegetation J and Sw can be neglected. 
Historically, the hydraulic resistance was estimated only through simple visual 
observation (both for vegetated and non-vegetated channels), with which an expert 
engineer could evaluate the roughness coefficient with a good precision. However, there 
was the necessity of more objective methods. Cowan (1956) proposed an equation which 
divides the overall Manning’s n in various components to facilitate its evaluation. Several 
modifications and simplifications were proposed (e.g. Morin et al., 2000), but the 
estimation of n was in any case excessively subjective.  
Ree and Palmer (1949) presented a set of curve, later summarized by Chow 
(1959), in which the Manning’s n is plotted as a function of the product UxR (where U is 
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the mean velocity in the channel and R is the hydraulic radius). Nevertheless, it was 
discovered that n was mainly a function of the relative roughness, thus this description of 
n was not satisfactory.  
Kouwen (1969) proposed a quasi-theoretical formula which described the velocity profile 
above the vegetation through a logarithmic law in the case of flexible artificial submerged 
vegetation. This approach showed a good agreement with the experimental results. 
Stephan (2002) modified Kouwen’s formula taking in account the oscillation of the tips 
of the vegetation, obtaining relevant improvements of its predictive power.  
Afterwards, several authors (e.g. Nikora et al., 2008, Sukhodolov et al., 2010) 
studied the effects on the hydraulic resistance given by a non-uniform distribution of 
patches, but they carried out only field experiments, hence, this aspect has not been yet 
investigated in laboratory conditions and needs more accurate studies. Contrariwise, the 
effects of different pattern vegetation on the hydraulic resistance have already been 
studied in laboratory conditions in the case of emergent vegetation (e.g. James and 
Makoa, 2006, James and Jordanova, 2010). 
While the previous works studied the hydraulic resistance at the reach scale 
through the use of bulk parameters, as roughness coefficients, some later authors (e.g. 
Luhar et al., 2012, Nepf, 2012) investigated the blade and the patch scales, trying to find 
the connection between the different scales. Luhar et al. (2012) proposed an iterative 
method to estimate the inflection of the canopies in the case of flexible vegetation and 
showed that the reconfiguration affects the total resistance, e.g. it was showed that the 
velocity can increase by a factor of two. 
Through the study of the blade scale it is possible to anticipate the bending of the single 
elements under the action of the flow. In this perspective, it is necessary to take in account 
the buoyancy and the stiffness of the single leaf and the drag exerted by the flow. 
Otherwise, if the density of the elements is sufficiently high, a patch scale study is more 
appropriate. 
Concerning the patch scale, it is necessary to distinguish the cases of submerged 
vegetation and emergent vegetation. For the first category it is important to study monami 
(Ackerman and Okubo, 1993), which is the synchronized waving motion of the vegetation 
due to Kelvin-Helmotz vortices (also called canopy-scale vortices), which affects the 
value of the blockage factor and, consequently, the hydraulic resistance. In the case of 
emergent vegetation patches, it is interesting to study the wakes of plants. 
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Regarding flexible submerged patches, Nepf and Vivoni (2000) divided the 
vegetation in two layers: an upper layer, called “exchange zone”, in which the main 
momentum exchange due to the turbulence occurs with the water above the canopy, and 
a lower layer, called “wake zone”,  which mainly communicates longitudinally with the 
surrounding water. It was found that the exchange zone increases with the submergence 
level and decreases with the density of the vegetation. Ghisalberti and Nepf (2006) 
studied more detail the vertical exchange zone. In particular, it was found that the velocity 
variations due to the vortices are the cause of the waving motion of the canopies. 
However, Kelvin-Helmotz vortices in nature are not complete developed everywhere (it 
is not common to have uniform steady flow), but they need a transition length before their 
stabilization (Ghisalberti et al., 2009). In fact, vortex passage generates waving motion 
of the canopies (monami), which causes a drag reduction. Consequently, the in-canopy 
velocity increases and the vertical velocity gradient decreases, which affect the Kelvin-
Helmotz instability and, hence, the characteristics of the vortices. The transition length 
was studied by Ghisalberti et al. (2009) in the case of submerged rigid vegetation. An 
expression for this transition length, based on the canopy density, the in-canopy velocity 
and the shear-velocity, was found.  
Nepf (2011) explicitly evaluated the effect of the vegetation density on the formation of 
the vortices and, hence, on the velocity profile (directly linked to the hydraulic resistance) 
in the case of flexible submerged vegetation uniformly distributed. For low values of 
density the velocity profile is entirely logarithmic (from the bed to the free surface). For 
high values of density there is the appearance of a free shear layer on the top of vegetation 
and, hence, of Kevin-Helmotz vortices. For shallow submergence the vortices dominate 
the entire field, within and above the vegetation. As stated above, when the canopy-scale 
vortices are strong enough, monami can be generated. 
Several authors (Zong et al., 2011, Chen et al., 2012, Nepf, 2012) studied the wake 
downstream of circular patch of emergent vegetation, constituted by wooden circular 
cylinders. Downstream this obstruction a steady wake zone, in which the flow is laterally 
uniform and the streamwise velocity is nearly constant, and a following large-scale 
oscillation zone, in which von Kármán are present, were observed. The length of the 
steady wake zone grows with the increasing of the porosity of the obstacle, but, at the 
same time, the oscillations in the next zone becomes weaker. If the density is not 
sufficiently high there is not the formation of the wake and it is necessary a study at the 
blade scale. 
 10 
 
 While Nepf and Vivoni (2000) considered flexible submerged and emerged 
vegetation and Ghisalberti and Nepf (2006) considered both submerged flexible and rigid 
vegetation, the subsequent works considered only rigid vegetation. In this sense the 
knowledge gap is evident, further studies are necessary to consider the downstream 
effects of submerged flexible patches. 
Finally, the hydraulic resistance is not the only aspect influenced by the canopy-
scale and von Kármán vortices, also the vertical and longitudinal transports are modified. 
The variation of these two hydraulic parameters is significant, it affects the conveyance 
of nutrients, contaminants and sediments in water. Furthermore, the vegetation can 
control the distribution of deposition and erosion and, hence, the morphology of the 
channel. 
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2. LITERATURE REVIEW 
 
This chapter is an overview of the research progress achieved by several authors 
about hydraulic resistance in vegetated channels. Different aspects have been studied. The 
hydraulic resistance at the reach scale has been divided in two categories: studies with 
experiments carried out in laboratory and studies with experiments carried out in field. In 
fact, although field studies are useful to understand the problem, laboratory studies are 
necessary for a more specific analysis of the subject. Subsequently, a third category with 
patch scale works was investigated. 
 
 
2.1 Laboratory Experiments at the Reach Scale 
 
In this section main works supported by laboratory experiments are reviewed. The 
first author that will be analysed is Kouwen (Kouwen, 1969, Kouwen, 1973, Kouwen, 
1980) with his proposal to assume a logarithmic velocity profile above the vegetation in 
the case of submerged flexible vegetation. Then Stephan (2002), who proposed a 
modification for the Kouwen’s law (1969), tested by Järvelä (2003). Afterwards, Carollo 
et al. (2005) proposed a power law for the velocity profile, which will be adopted by 
Nikora (2008) in his field study. Righetti et al. (2002) studied the effects of submerged 
bushes (rigid submerged vegetation) with sparse configurations on the hydraulic 
resistance. Finally, the effects of different distribution patterns of emerged vegetation 
(James et al., 2010) are studied. 
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Table 2.4: summary of main laboratory works focused on the hydraulic resistance at the reach scale. 
Laboratory Experiments at the Reach Scale 
  
Author Year Approach Type of vegetation Main results 
Kouwen 1969 Analytical and 
experimental 
Artificial submerged 
flexible vegetation Logarithmic velocity profile 
Kouwen 1973 Analytical and 
experimental 
Artificial submerged 
flexible vegetation 
Dimensionless parameter 
which takes in account the 
stiffness and the density of 
the vegetation 
Kouwen 1980 Analytical and 
experimental 
Artificial submerged 
flexible vegetation 
Method to estimate the 
resistance 
Righetti 2002 Analytical and 
experimental 
Artificial submerged 
rigid vegetation 
Ratio between avereged 
vegetated layer velocity 
and overall avereged 
velocity 
Stephan 2002 Analytical and 
experimental 
Natural submerged 
plants 
Modified logarithmic law 
for the velocty profile 
Järvelä 2003 Experimental Natural submerged plants 
Validity test for Stephan's 
law (2002) and Carollo's 
law (Carollo et al.,2002) 
Carollo 2005 Analytical and 
experimental 
Natural submerged 
plants 
Power law for the velocity 
profile 
James 2010 Experimental Artificial rigid emerged 
vegetation 
Assesment of James et al. 
(2008) equation to 
estimate hydraulic 
resistance. 
 
 
 
2.1.1 Logarithmic Velocity Profile in Vegetated Channel 
 
In 1969 Kouwen developed a simplified approach based on the following 
logarithmic law for the velocity profile above the vegetation (also based on Prandtl’s 
logarithmic law) in the case of uniformly distributed submerged artificial flexible 
vegetation: 
 :∗ = (5 + (7 ln ''S      (2.1) 
 
 where: 
 
 U is the mean velocity in the channel; 
 ∗ is the shear velocity; 
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 C1 is a constant depending on the density of vegetation; 
 C2 is a constant depending on the stiffness of the vegetation; 
 A  is the total liquid area in the cross section; 
 Av is the portion of the liquid area in the cross section occupied by the vegetation. 
 
In particular, the ratio A/Av is the inverse of the cross sectional blockage factor Bx as 
defined by Green (2004). This parameter underlines the importance of the relative 
roughness, because for channel with a rectangular sections it becomes: 
 
TU = ''S ≅  ℎ     (2.2) 
 
where h is the flow depth and k is the deflected height of the vegetation. 
Several experiments in a laboratory flume fully covered by artificial flexible vegetation 
were carried out. Different values of flow depth and, hence, different values of relative 
submergence were investigated. The results have showed a good agreement with the 
proposed logarithmic profile, which will become the reference profile for future works. 
In addition, considering the deflected height of canopy three different regimes of flow 
can be found: 
 
 vegetation is stationary and not deflected; 
 vegetation undergoes a waving motion; 
 vegetation is bent over entirely. 
 
As a consequence of these three different regimes, the flow resistance is modified. 
Within the equation of the logarithmic velocity profile, the effects of stiffness and density 
are represented by two different constant values. For both the cases of fixed rigid 
boundary roughness and of flexible plastic strips, the friction factor in the fully turbulent 
regime is primarily a function of the relative roughness, but this parameter is itself a 
function of the density and of the stiffness of the vegetation. Therefore, it is corrected to 
take in account the effect of these two vegetation characteristics. 
 Kouwen (1973) proposed the following equation which links the friction factor f 
with the relative roughness, the density and the stiffness: 
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where: 
 
 Φ is a function; 
 hv is the non-deflected vegetation height; 
 M is the number of roughness elements per unit area of channel bed, which 
represents the density; 
 EI is the flexural rigidity, where E is the modulus of elasticity of the material of 
the artificial plants and I is the moment of inertia of area of its cross section. 
 
Experiments were carried out with the aim to determine:  
 
 the relationship between uk and u*; 
 the relationships between the friction factor and the relative roughness; 
 the variation of the roughness deflection with the stiffness of the roughness 
elements.  
 
With these purposes, different configurations of vegetation were set, basing on different 
values of density and stiffness.  
From the results, it was discovered that there are only two regimes of flow hydraulically 
significant: the erect (which includes waving) and prone. The friction factor f had lower 
values for the prone condition and, consequently, higher values of mean velocity. 
Furthermore, it was found that for the erect condition, the friction factor is primarily a 
function of relative roughness, whilst for the prone condition the flow boundary in effect 
becomes a smooth wavy surface. 
Moreover, the following empirical relationship was written: 
 
 ℎ = 3,57ℎ E\]^∗7 F
5/_ − 0,286     (2.4) 
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This equation allows, in the case of artificial vegetation where m and EI are known, to 
obtain directly an estimation of the relative roughness for a flow with different 
characteristics. Otherwise, in the case of natural vegetation, it is possible to evaluate m 
and EI from a comparison with the artificial vegetation and, after that, it is possible to use 
equation 2.4. 
Once the friction factor is estimated (through equation 2.4, once mEI and k/h are known, 
it is possible to calculate ∗7), it is simple to calculate n and to use the classic Manning’s 
equation. 
The main points which control the behaviour of the vegetation are summarized as follows: 
 
 the roughness coefficient is a function of the relative roughness; 
 when water (or air) flows over the vegetation, it will bend, reducing its height. 
This reduction of height generates a reduction of the relative roughness; 
 flexural rigidity and density of the vegetation are parameters which act against the 
bending; 
 the drag force due to the water flow determines the bending moments imposed on 
the vegetation. 
 
In the case of artificial vegetation, the mechanical properties of the vegetation are known. 
As a consequence, Kouwen (1980) decided to determine the mechanical properties of 
natural vegetation, by the comparison between the relative roughness in the case of 
natural plants and in the case of artificial vegetation. Furthermore, he proposed a method 
to estimate Manning’s roughness coefficient, through the knowledge of the fundamental 
physical parameters. 
 
 
2.1.2 Stephan’s Modification to Kouwen’s Logarithmic Law 
 
To take into account the effects of the vegetation as an addition to the hydraulic 
resistance, it is necessary to divide the flow depth in two different layers, one layer outside 
and one within the vegetation. However, the determination of the deflected height of the 
plants and of the zero plane of the logarithmic velocity profile is not univocal. For this 
reason there are many different versions of the logarithmic velocity profile and many 
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different modifications to Prandtl’s logarithmic law. Stephan (2002) decided to base his 
analysis on Prandtl’s logarithmic law modified by Nikuradse (1933) in the natural 
logarithmic form: 
 ∗ = 1c =  ! + (     (2.5) 
 
with c = 0,4 and ( = 8,5.  
Several laboratory experiments in a flume with natural vegetation were carried out. In 
particular, the following three plants were used: 
 
 r. trichophyllus: the individual plants can reach a length of 1-2 m and they show 
a high degree of flexibility; 
 g. densa: the stems grow to a length of 50-60 cm and they have small leaves; 
 b. erecta: this plant is only 20-30 cm tall and has large but very soft leaves. 
 
From the various experimental results, it was observed that the vegetation had a certain 
oscillation, as a consequence, it was not possible to determine an univocal value for the 
deflected height. Therefore, it was decided to define a mean plant height ye,f, which can 
determine the equivalent sand roughness ks and the zero plane displacement.  
As a consequence, Nikuradse’s (1933) logarithmic velocity has been modified as 
(Stephan, 2002): 
 ∗ = 1c =  − g,hg,h + 8,5     (2.6) 
This approach has some limitations as the vegetation can reach a maximum deflection 
and after this condition no further deflection is possible. The original flexible roughness 
Figure 2.1: characteristic plant heights (Stephan, 2002). 
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will behave in analogy to a static roughness. This is equivalent to the prone condition 
mentioned by Kouwen, it is obvious that for natural vegetation this maximum deflection 
depends on the type of plant (density, stiffness and shape of the vegetation). 
The range of the relative submergence is 1,8 ≤ ℎ/g,h ≤ 5,5, it has to be investigated if 
this log law is still valid for deep submergence 5,5 ≤ ℎ/g,h or for very small relative 
submergence ℎ/g,h ≤ 1,8. 
Considering the turbulent characteristics of the flow field, an important difference 
between a gravel bed and a bed covered by the vegetation was discovered (Stephan, 
2002). In the first case the maximum turbulent intensity decreased with the decreasing of 
the relative roughness. On the contrary, in the second case it was found that the turbulent 
intensity is independent from the relative submergence of the vegetation. This might be 
explained with the high flexibility of the examined type of vegetation: for this reason the 
plants have a wavy motion and they do not interfere with the turbulent field. 
 
 
2.1.3 Validity of Stephan’s approach  
 
In 2003 Järvelä carried out some similar experiments with the aim to verify the 
validity of Stephan’s (2002) approach. Furthermore, Järvelä (2002) investigated the 
approach proposed by Carollo et al. (2002), which has not been presented in the previous 
pages. 
 The experimental setup is very similar to the experimental setup made by Stephan 
(2002). Järvelä decided to use three different species of plant: 
 
 wheat: showed a flexibility comparable to grass, an average length and width 
respectively of 28 cm and 2,8 mm and a density of 12’000 stems/m2; 
 sedges (carex acuta): had an average diameter of the single stem equal to 3 mm 
and an average diameter of a group of stems equal to 20 mm. The average density 
was 512 stems/m2, but this configuration is characterized by a staggered 
distribution. Average stem length was kept at 30 cm by cutting; 
 grasses with leafy willows: a combination of flexible and stiff vegetation. Average 
stem length equal to 30 cm for the grass and 70 cm for willows. 
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Three velocity profiles were measured in three different longitudinal positions. This 
allows the investigation of  possible effects of non-uniformity on the longitudinal 
development of the velocity profile. 
For the wheat, relative submergence had the range of 1,5 ≤ ℎ/g,h ≤ 3,3, which 
is smaller than the range investigated by Stephan (2002). The three different measured 
velocity profiles, however, were almost identical. Järvelä (2003) observed a classic 
logarithmic profile above the vegetation., however, within the oscillation height of the 
tips (about 3 – 6 cm), the velocity profile appeared to be almost linear. Furthermore, 
through the measurements of the standard deviation of velocity fluctuations jh! and the 
Reynolds stress −′′llllll, the turbulence was studied. Both of these parameters were small 
within the layer above the vegetation, but increased significantly at the level of plant tips. 
In particular, their maximum value was found at approximately yp,h. No relations between 
the maximum value of jh! and ℎ/g,h were found. 
In the case of sedges, the relative submergence ranged between 1,4 and 2,3. Unlike 
the previous case, the three velocity profiles were different (see fig. 2.2). It is possible to 
observe the effects of the staggered pattern: the velocity above the vegetation increases 
to the point of creating a strong shear layer, which is clearly visible in the second profile. 
In the third profile the velocity within the vegetation could not be measured because of 
the waving of the vegetation. However, it is possible to note a gradual reduction in the 
height of the tips due to the longitudinal increase of the flow drag (this becomes higher 
as the velocity increases) and to the consequent increase of the bending in the vegetation. 
The case with leafy willows and grasses was studied in a separate work due to the 
3D structure of the flow within the complex vegetation pattern. 
The approach described by Stephan (2002) leads to eq. 2.6, Carollo et al. (2002), 
on the other hand, obtained a velocity profile that was not based on the logarithmic law: 
Figure 2.2: velocity profiles for the sedges. Horizontal lines depict the upper and lower limits of the deflected plant height. 
(Järvelä, 2003) 
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 ∗ = m$ + arctan r ℎ⁄ − 57      (2.7) 
 
where: 
 
m$ = htU∗ − m5 arctan 1 − 57      ;      5 = rℎ  
 
7 = 6+G$,8Buvℎ      ;      m5 = 25,5wr ℎ⁄ x
G$,__
∗  
 
Different stem densities were examined and the relative submergence ranged from 1,6 to 
8,8 (larger than the range assumed by Stephan). The experiments were conducted with a 
mixture of three grass species. 
The wheat used by Järvelä (2003) can be considered more similar to the grass used by 
Carollo et al. (2002) in comparison to the three different plants used by Stephan (2002). 
Furthermore, to be able to calculate the velocity, profile according to both approaches, 
the shear velocity must be estimated. The sensitivity of the two methods, in the definition 
of ∗, was tested introducing four different definitions (Järvelä, 2003): 
 
∗5 = 2ℎy                  ;      ∗7 = zwℎ − r,hxy      
 
∗8 = 2(ℎ − ℎ∗)y     ;      ∗_ = z−w′′llllllxhtU      
 
Figure 2.3: plots of turbulence intensity (left) and Reynolds stress (right) for the sedges. (Järvelä 2003) 
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Where h* is the flow depth corresponding to the maximum measured value of −′′llllll.  ∗5 does not contain any vegetation parameters, ∗7 is convenient to use because of the 
easiness with which is possible to measure r,h. Otherwise, ∗8 and ∗_are based on both 
turbulence characteristics and influences of vegetation. 
Stephan’s (2002) approach gave overall good results (some discrepancies with high levels 
of relative submergence). It was found that the best definitions of the shear velocity were ∗7 and ∗8. Contrariwise, Carollo’s approach (Carollo et al., 2002) gave unrealistic 
values, this probably because of the dependence from specific experimental boundary 
conditions. 
 
 
2.1.4 Effects of High Concentrations of the Vegetation on the Hydraulic 
Resistance and Power Law for the Velocity Profile 
 
Kouwen (1969, 1973) has studied the effects of the flexible grass for [ =50 {
+{/|7, making the assumption that the friction factor increased with density or, 
in other words, that the increase in concentration had the same effect of increasing the 
stiffness.  
However, the hypothesis assumed by Kouwen were not necessarily exact for higher 
values of density: Carollo et al. (2005) studied the effects of high concentrated flexible 
grass on the flow resistance ([ ≥ 280 {
+{/|7). 
 Carollo et al. (2005) carried out some experiments in a laboratory flume and, as 
Stephan (2002), covered the bed with natural vegetation. In particular, a mix of three 
different natural plants was used: Loietto (50%), Festuca rubra (40%) and Poa pratensis 
(10%). Three different densities were created ([ = 280, 310, 440 {
+{/|7) with 
respectively three different non-deflected heights (r = 11.5, 11, 20 ~). These densities 
were much larger than the concentration adopted by Kowuen (1969, 1973), making 
evident the effects of high concentrations on the hydraulic resistance. Furthermore, the 
experiments were carried out with different values of discharge (12.0 to 170.8 l/s) and 
slope (0.1 to 5.0%). 
 By reference Kouwen (1969) logarithmic law, from the results obtained by 
Carollo it is possible to observe that: 
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 for given values of density and bed slope, the logarithmic law represents 
satisfactorily the relation between U/u* and the depth-vegetation height ratio yn/k; 
 for a given density and for a fixed depth-vegetation height ratio, increasing the 
channel bed slope, U/u* decreases and, thus, the flow resistance increases; 
 in the range of the considered density values, the increasing of M involves a 
decreasing of the flow resistance. 
 
The third conclusion is the most important, because it is in contrast with the assumption 
of proportionality between the density and the flow resistance (Kouwen, 1973). For high 
values of density the quasi-smooth (skimming) flow regime results. It has been possible 
to define a limit value of the density M*, which falls inside the range 50-280 stems/dm2.  
This change of behaviour of the flow resistance corresponding at M* can be seen from 
fig. 2.4. 
For this reason, Kouwen’s (1969) formula, for high values of the concentration, 
overestimates the resistance. On the other hand, it is possible to obtain good results 
making some adjustments to the coefficients C1 and C2. The deficiency of this method is 
that the velocity profiles become high dependent from the specific configuration, whereby 
it is no longer valid generally. 
 Furthermore, through a dimensional analysis, Carollo et al. (2005) proposed a new 
formula for the velocity profile: 
 :∗ = '$([) < 
t E∗  F
t EℎS F
t     (2.8) 
 
where a1, a2 and a3 are numerical 
coefficients that have to be determined 
using the available measurements and 
A0(M) is an unknown function of M that 
assumes, for a given density, a constant 
value. 
This relation showed good performances 
with the high densities, but a poor 
agreement with Kouwen’s experimental 
data. This suggested that the term u*k/ν Figure 2.4: relationship between V/u* and the steam concentration (Carollo et al., 2005) 
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has to be considered only for high density values, because this term is the Reynolds 
number of the flow inside the vegetated layer. For low values of M this number is large 
enough to have no effect on the resistance. Otherwise, for high values of M, the velocity 
inside the vegetation decreases and the Reynolds number with it, hence, it starts to affect 
the resistance.  
 “Further research should be carried out in the range of 50 <  M < 280 stems/dm2 
where a transitional behaviour from the condition of low to high concentrations can be 
hypothesized and where the discriminant concentration M* occurs.” (Carollo et al., 
2005). 
 
 
2.1.5 Effects of Sparsely Distributed Bushes on the Hydraulic Resistance  
 
In the previous works the effects of uniformly distributed submerged flexible 
vegetation were studied, hence, the spatial variability of patches was not considered. 
Righetti et al. (2002) studied the effects of bushes (rigid submerged vegetation) on the 
hydraulic resistance, which were set in sparse configurations. 
In this conditions it was possible to refer to the approach proposed by Petryk and 
Bosmanjian (1975), who estimated, in the case of plants with height of the same order of 
magnitude of the flow depth, the equivalent resistance taking in account a combination 
of the hydraulic drag of the single plants. However, in the relation proposed by Petryk et 
al. (1975), the drag coefficient is the most uncertain parameter. In fact, it depended on 
the velocity U, which becomes the mean velocity because of the variation of the velocity 
caused by the presence of plants. In addition, other important parameters are the relative 
positions of the plants and their density. 
For these reasons, Righetti et al. (2002) decided to correct the relation suggested by 
Petryk et al. (1975) through the use of the Navier-Stokes double-averaging technique 
(Wilson and Shaw, 1977, Nikora et al., 2001), who averaged the Navier-Stokes equations 
not only in the time, but also in the space. 
In order to implement the double-averaging technique, the flow has been divided in two 
layers: a lower layer characterized by the flow through the vegetation and an upper layer 
(see. Fig. 2.5). This choice was due to the lower velocity of the flow in the vegetated layer 
than  in the upper layer. 
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The assumptions made for the turbulence closure model are the following (Righetti et al., 
2002): 
 
 linear shear stress in the upper layer; 
 linear shear stress in the lower level; 
 constant value for the mixing length, which has to be experimentally evaluated. 
 
The modified Petryk’s relations obtained by Righetti et al. (2002) are: 
 
r = =('r^ :72 = =('r^ :S72      (2.9) 
 
4y = 1@_/8 E7 ( ∑ 'r2' + 147_/8F
     (2.10) 
 
where n  is the number of plants per bed surface, Api is the area of the ith plant projected 
in stream-wise direction, CD is the drag coefficient, Ac is the cross sectional liquid area, ρ 
is the water density, g is the gravity acceleration, L is the length of the considered reach 
and Kb is the Strickler’s coefficient due to the bed roughness. A formula for the evaluation 
of the mixing length l0 was proposed (Righetti et al., 2002): 
 $ℎS = (5(1 − +G)     (2.11) 
 
Figure 2.5: sketch of coordinate axes and two layers structure. (Righetti and al., 2002) 
 24 
 
The relation between C1 and C2 has to be experimentally evaluated, but it is expected that 
C1 increases with the vegetation density. 
 The main result of the double-averaging technique is (Righetti et al., 2002): 
  = :S :⁄      (2.12) 
 
which permits to express the equivalent roughness coefficient as a function of the 
averaged vegetated layer velocity Uv instead of the overall averaged velocity U. 
 The experiments were carried out in an artificial flume, in which uniform flow 
conditions were set. The bushes were simulated by means of plastic wools, with a quasi-
spherical shape and a diameter of 4 cm.  
From the experimental results, it was possible to observe: 
 
 a strong spatial variability of velocities and turbulent stresses, which confirms the 
necessity to use the double-averaging approach; 
 that the velocity profile follows the logarithmic law for the almost entire upper 
layer; 
 that the relative mixing length decreases with the increasing of the relative 
submergence and with the decreasing of the vegetation density; 
 that the shear stress profiles are quasi-linear, in accordance with the assumptions 
of the model; 
 a good agreement between the mixing lengths estimated by the velocity profiles 
and by eq. 2.11. 
 
Finally, the results showed a good agreement between predicted and measured flow rates, 
which indicates the validity of this double-averaging procedure. 
 
 
2.1.6 Effects of Different Patterns of Emergent Vegetation 
 
In the previous paragraphs some laboratory works regarding submerged flexible 
vegetation were study, but, excepting Righetti’s study (2002) on bushes, in none of those 
the effects of different patterns of vegetation were considered. Contrariwise, the emergent 
 25 
 
vegetation have been studied more accurately, with laboratory tests on different patterns 
of vegetation . A short review of these studies (e.g., James et al., 2001, James et al., 2006, 
Hirschowitz et al., 2009, James et al., 2010) can be useful to understand the main 
problems behind different patch distributions. During this works, several laboratory 
experiments were carried out. Bhembe and Pandey (2006) and Fisher (1993) realized 
different roughness patterns, gluing fine gravel on square steel panels (see fig. 2.6 and 
fig. 2.7). James and Makoa (2006) simulated emergent banks of vegetation, by the 
creation of constant longitudinal patterns with longitudinal strips of artificial vegetation 
in the edges of the flume. James et al. (2001) realized different patterns by distributing 
emerged vegetation patches in different combinations and using the same artificial strips 
used by James et al. in 2006 (see fig. 2.8). In all these works, it was tried to evaluate the 
equivalent Manning’s n with various relations (Pavlosky, 1931, Horton, 1933, United 
States Soil Conservation Service, 1963, HR Wallingford, 2004, James et al., 2008) with 
good results. Otherwise, for some specific configurations, the predictive power of these 
relations dropped. Therefore, the vegetation pattern plays an important role on the 
hydraulic resistance and it has to be studied more accurately. 
 
 
 
 
 
 
 
Figure 2.7: : roughness patterns investigated by Fisher 
(1993). (James et al., 2010) 
Figure 2.7: roughness patterns investigated by Bhembe et 
al. (2006). (James et al., 2010) 
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2.2 Field Experiments at the reach scale 
 
In the laboratory experiments focused on grass-like vegetation, the plants were 
always uniformly distributed. Therefore, there are poor information regarding the effects 
of a non-uniform distribution of the vegetation. The following field studies concentrate 
Field Experiments at the Reach Scale 
    
Author Year Approach Type of vegetation Main results 
Green 2005 Experimental Natural submerged plants 
Formula for the 
evaluation of the 
resistance due to 
vegetation. 
Nikora 2008 Experimental Natural submerged plants 
Effects of plant 
species and patch 
patterns on the 
resistance are 
negligible. 
Sukhodolov 2010 Experimental Natural submerged plants 
Effects of plants 
on velocity 
profiles and 
turbulence. 
Resistance 
overstimated by 
Manning's n. 
Table 2.5: summary of main field experiments focused on the hydraulic resistance at the reach scale. 
Figure 2.8: emergent vegetation patterns investigated by James et al. (2001). (James et al., 2010) 
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on the understanding of the impacts of non-uniform distribution of the vegetation on the 
hydraulic resistance, which is the most common situation in natural channels.  
  
 
2.2.1 Comparison of Blockage Factors in Resistance Models in the Case of 
Submerged Vegetation 
 
Several attempts have been made to estimate the hydraulic resistance in a vegetated 
channel through the use of the blockage factor, which can be roughly defined as the 
portion of flow occupied by the vegetation. There are various types of the blockage factor: 
 
 cross-sectional blockage factor Bx, which is the ratio between the vegetated area 
and the total liquid area in the cross-section (Watson, 1986, Watson, 1987). 
Therefore, through the use of this blockage factor, it is possible to evaluate the 
presence of vegetation in a single section, but not its variation in the longitudinal 
direction; 
 surface area blockage factor Bsa,
 
which is the ratio between the plan surface area 
of the vegetation and the plan surface area the channel; 
 volumetric blockage factor Bv, which relates the volume occupied by the 
vegetation to the volume of the chosen portion of the channel. 
 
Fisher (1992) compared these last two blockage factors suggesting to use the more 
practical Bsa.  
Green (2005) introduced the multi-sectional blockage factor, which is the weighted 
median of the various cross-sectional blockage factors calculated from the considered 
sections and it is able to consider the variation of the vegetation in the downstream 
direction. The other two blockage factors have both some negative aspects (e.g. 
volumetric blockage factor needs measurements in the deepest sections of the channel for 
its evaluation and the surface area blockage factor increases its value with the increasing 
of the flow rates, which is the contrary of what happens with the cross-sectional blockage 
factor), hence, the median value of the cross-sectional blockage factor seems to be the 
preferable. 
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Green made a comparison between all of the blockage factors through numerous field 
experiments. Twenty-eight natural river with three different species of plants members of 
Ranunculus subgenus Batrachium were chosen and from 5 to 9 cross-section for each site 
were considered. For each sections velocity, hydraulic radius and energy slope were 
measured, with the consequent possibility to calculate the Manning’s n. 
From the results, a good correlation between the various blockage factors was observed. 
In addition, the multi-sectional blockage factor showed the overall best performances, 
however, by excluding one of the vegetation type, the surface area blockage factor 
becomes the best blockage factor, but its use is not in general recommended because it 
cannot be used for species forming a surface mat. Finally, Green (2005) proposed an 
empirical relation based on the multi-sectional blockage factor to evaluated the portion 
of Manning’s n due to vegetation: 
 =S = 0,0043TU − 0,0497 
 
which has to be used in cases with the same hydraulic and vegetation conditions in which 
it has been developed. 
 
 
2.2.2 Hydraulic Resistance in Vegetated Small Streams 
 
To achieve greater realism, Nikora et al. (2008) conducted field experiments with 
naturally occurring aquatic plants.  
The most rigorous approach to estimate hydraulic resistance is based on integration of the 
double averaged Navier-Stokes equations, but this method requires  a detailed knowledge 
of dynamic vegetation geometry, which makes this method inapplicable in most cases. 
A simplified alternative is to calculate the velocity through the integration of the 
logarithmic velocity profile of the time averaged velocities, although its validity for 
vegetated channel is debatable, i.e. different conditions from those required for the 
application of the logarithmic formula may be present, for example dimension of the 
patches and height of the vegetation comparable with the flow depth. 
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The eq. 2.1 proposed by Kouwen seems to approximate experimental data 
reasonably well, but an alternative relationship would be preferred, because the velocity 
distribution in natural vegetated channel may not be logarithmic. 
 For the experiments, reasonably straight reaches at five streams in New Zealand 
were selected. The aquatic plants formed patches that covered 40 – 100% of the bed. Flow 
depth, discharge, bed and bank elevation, height of the vegetation canopy, plant species 
and plant lengths were measured at 5 -15 verticals. Furthermore, the areal and the 
volumetric biomass densities were also measured. The velocities were measured in two 
verticals for each cross section in two point inside the vegetation canopy, in one point at 
the vegetation-flow interface and in three points above the canopy. The data 
corresponding to the vegetation parameters were patch averaged and site averaged. To 
explore vegetation effects on flow resistance, factors such as Manning’s n, Chézy’s C and 
Darcy-Weiesbach’s f were used.  
The main vegetation parameters influencing the hydraulic resistance, measured in 
this study, are: the patch averaged relative roughness ℎ/ (where ℎ is the patch-
averaged height of vegetation canopy and  is the flow depth), the plant inclination factor r/ℎ (where r is the patch-averaged plant shoot length), the areal vegetation cover / (where  is the mean width of vegetation patch and  is the width of the channel) 
and the site-averaged relative roughness (ℎ/)(/). The correlation between the 
various roughness coefficients (see eq. 1.9) and these parameters was generally high 
(except for r/ℎ). However, the parameter with the highest correlation (highest 
prediction power) was (ℎ/)(/). In particular, this relation had an exponential 
form, hence, a nonlinear function was preferred to a linear function. An overall Manning’s 
n which included both vegetation and bed contributions to the resistance was considered. 
Figure 2.9: sketch defining geometrical characteristics of vegetation. (Nikora, 2008) 
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For this reason, the nonlinear relationship was probably due to the decreasing of the bed 
effect.  
It was said that r/ℎ had a little explanatory power, but this ratio was almost constant 
with the variation of r, for this reason wr/x(/) should describe the vegetation 
effects in a similar way of (ℎ/)(/). Furthermore, a power relation between :/∗ 
and /r was found. This had a good agreement with the power law proposed by 
Carollo et al. with the eq. 2.5.  
Carollo found the following set of values in the case of grass type vegetation with low 
density  ≤ 50 {
+{/|7: 5 = 1.168, 7 = 0 and 5 = −0.861. Carollo’s power 
law was considered applicable in this case and assumed 5 = 7 =  = 1. Furthermore, 
it was suggested to use, instead of /r, the ratio /r, which was suitable to 
considered a patchy vegetation instead of a vegetation uniformly distributed, obtaining: 
 
:∗ ∝ 6 r9
t      (2.6) 
 
This equation had an optimal agreement with the experimental results, hence, the ratio /r is the parameter with the highest explanatory power. In addition, this 
parameter has also a larger correlation that the ratio /ℎ. 
However, areal and volumetric biomass densities had not a large correlation, thus, they 
are not preferable to the relative vegetation parameters. 
 
 
2.2.3 Effects of Submerged Vegetation on Turbulence Structure 
 
Sukhodolov et al. (2010) carried out some field experiments  in a lowland river 
with the aim to understand the effects of aquatic plants on the flow. A moderately sinuous 
reach of the lower Spree River close to Berlin with a trapezoidal section was chose. The 
measurements were conducted in summer and in spring in order to have two different 
conditions: unvegetated channel during spring and heterogeneously vegetated channel 
during summer. Thus, the possibility to isolate the effects on the flow due to the presence 
of aquatic plants.  
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Section 4 (see fig. 2.10) was chosen to carried out the velocity measurements. In this 
section, 15 different equidistant profiles were considered along the width and in every 
profile the measurements were made in 11 uniformly distributed points. The velocity was 
measured using acoustic Doppler velocimeters sampling over a period of 4 min with a 
sampling rate of 25 Hz, which permitted to obtain the average and instantaneous velocity 
components on the three directions in each point. Furthermore, reach-averaged bulk 
velocities were obtained through the monitoring of a solution of uranin injected upstream. 
 Through the comparison between the results obtained during spring and summer, 
it was possible to observe the passage from a mainly two-dimensional flow to a strongly 
three-dimensional flow. In fact, while in the case without vegetation the distribution of 
the  velocity is basically symmetric in the section (spring), in the case with 
heterogeneously distributed vegetation the velocity had a high degree of spatial variability 
(summer). Consequently, in the latter condition the velocity follows a logarithmic profile 
in the space between the patches and a hyperbolic profile in the region within and above 
the patches. However, a correspondence between the turbulence generation and 
dissipation was presents, which leads to a possible condition of local equilibrium. 
For what concern the description of the hydraulically resistance through the use 
of bulk parameters, the Manning’s roughness coefficient overestimated the resistance. On 
the contrary, the Darcy-Weiesbach’s friction factor provided more suitable resistance 
values, however further studies are necessary for its correct utilization in vegetated 
channel. 
 
 
Figure 2.10: plant of the considered reach and chosen section for the 
measurements. (Sukhodolov et al., 2010) 
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2.3 Laboratory Experiments at the Patch Scale 
 
Table 2.6: summary of main laboratory works on the effects of the vegetation on the flow at the patch scale. 
Laboratory Experiments at the Patch Scale 
  
Author Year Approach Type of vegetation Main results 
Nepf et al. 2000 Experimental Artificial submerged flexible vegetation 
Behaviour of longitudinal 
and vertical exchange 
zones at the variation of 
the relative submergence 
Ghisalberti 
et al. 2006 Experimental 
Artificial submerged 
flexible and rigid 
vegetation 
Relation between Kevin-
Helmotz vortices and 
monami and consequent 
effects on the flow. 
Ghisalberti 
et al. 2009 Experimental 
Natural submerged 
plants 
Estimation of the 
necessary transition 
length for the complete 
develop of Kelvin-
Helmotz vortices 
Zong et al. 2011 Experimental Artificial emergent rigid 
vegetation 
Study of the steady wake 
and of von Kármán 
vortices downstream the 
patch 
Chen et 
al. 2012 Experimental 
Artificial submerged 
rigid vegetation 
Estimated the length of 
the steady wake and the 
position of the peak of 
turbulence due to von 
Kármán vortices  
 
These works are mainly based on the understanding of the effects (vortices, 
turbulence,…) on the flow generated by the presence of  patches. Measures of velocity 
and flow visualization techniques are largely used to investigate the effects of single 
patches on the flow. 
 
 
2.3.1 Transition between submerged and emergent vegetation at the patch 
scale 
 
Within a canopy two different regions can be individuate: an upper layer called 
“vertical exchange zone” and a lower layer called “longitudinal exchange zone”.  
In the vertical exchange zone (Nepf and Vivoni, 2000) the turbulent exchanges with the 
water overlying the canopy are relevant to the momentum exchange and the turbulence. 
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In addition, further turbulence is produced by the free shear layer located at the top of the 
canopy (in the case of submerged vegetation).  
The longitudinal exchange zone communicates longitudinally with the water by which it 
is surrounded. The turbulence is situated inside the wakes of the elements. In this region 
the momentum budget becomes a balance between only the vegetative drag and the 
pressure balance. 
 Nepf and Vivoni (2000) studied the behaviour of these regions in the transition 
from the emergent condition to the deeply submerged condition through the variation of 
the relative submergence. For the experiments, 
flexible vegetation, similar to the vegetation 
utilized by Kouwen (1980), was used. The 
relative submergence H/h was varied between 
1.0 and 2.75. In addition velocity 
measurements with acoustic Doppler (ADV) 
and laser Doppler (LDV) were made. 
The results showed that for emergent canopies 
only the longitudinal exchange zone is present. 
However, increasing the relative submergence 
the vertical exchange zone appears and grows. 
For higher values of the vegetation density the 
vertical exchange zone is slight. For what 
concern the drag, it depends on the flexibility and on the morphology of the vegetation. 
If the stem are flexible, the drag is also a function of the flow speed. Furthermore, flexible 
vegetation is supposed to bend under the action of the flow: with the increasing of the 
flow speed the amount of bending increases until the reaching of a complete pronation. 
In this condition the vertical exchange disappears completely. 
Figure 2.11: submerged and emergent vegetation 
schemes. (Nepf and Vivoni, 2000) 
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2.3.2 Patch of Emerged Vegetation 
 
Nepf (2012) summarized 
the work done by several authors 
(e.g. White et al., 2007, Zong et 
al., 2010) about emergent 
canopies of finite width and 
length. The incoming upstream 
flow is deflected by the patch 
(see fig. 2.12). This deviation begins upstream of the patch with a distance defined by the 
scale b and continues inside the patch for a length . When the flow is entirely deflected 
the formation of Kelvin-Helmotz vortices commences. In fact, the strong lateral variation 
of velocity (inside the patch the flow velocity is particularly low) induces the 
establishment of a shear layer, which is the necessary condition for the birth and the 
growth of the vortices. The penetration of the vortices inside the patch and their dimension 
depend on the patch geometry and the characteristics of the flow. The passage of the 
vortices induces the appearance of transversal velocities, which provoke a waving motion 
of the canopy elements and can move particles from inside the patch into the free stream 
and vice versa.  
Zong et al. (2011) studied, through the injection of dye, the wake behind a 
circoular porous obstruction constitued by wooden cylinders to simulate an emergent 
patch of vegetation. A zone of steady flow, called steady wake, was observed directly 
behind the patch, in which the current has the streamwise direction and the velocity is 
spatially uniform. Furthermore, there is the formation of two shear layers for both sides 
of the wake. Subsequently, two zones with strong oscilations were observed, one closed 
Figure 2.12: top view of a channel with long patch of emergent 
vegetation. (Zong et al., 2010) 
Figure 2.13: top view of a circular patch of emergent vegetation. (Chen et al., 2012) 
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to the cylinders and the secon one downstream the steady wake. In the latter zone, where 
the two shear layers enter into contact, there is the formation of von Kármán vortices and 
the velocity of the flow increases until it reaches the free-stream velocity. The constant 
velocity inside the steady wake is only function of the patch porosity and it is proportional 
to this parameter. Contrariwise, the length of this zone increases with the decreasing of 
the porosity. Another aspect regards the formation of the vortices is that with the 
increasing of the porosity the vortices become progressively weaker, until they disappear.  
Chen et al. (2012) continued the study of the wake behind an emergent patch. 
However, the used approach was different: instead to inject dye in the water a Nortek 
Vectrino probe was utilized. This instrument allows to measure the three components of 
the velocity in a single point at time, which permits to have the average and the fluctuating 
velocity components in several points at different times Moreover, the diameter and the 
density of the patch were changed. The chosen approach gives more accurate results than 
the results obtained by Zong et al. (2011). Infact, not only same relations between the 
velocity and the length of the steady wake and the porosity were observed, but also several 
formulas to predict these parameters, based on the diameter and on the density of the 
patch (flow blockage), were found. These results consented to estimate the length of the 
steady wake and, hence, the deposition, because, within this region, it is enhanced. 
As stated by Zong et al. (2011), there are two peaks of the turbulence, one within the 
patch due to the single cylinders and one due to the von Kármán vortices. The latter peak 
is individuated by the length Lw, which was estimated by a relationship based again on 
the diameter and the density of the patch. As the flow blockage increases the velocity 
behind the patch, the length of the steady wake and Lw decrease, but the intensity of the 
turbulence related to the von Kármán vortices increases. 
 
2.3.3 Canopies of Submerged Vegetation 
 
Ghisalberti and Nepf (2006) studied the effects of the passage of Kelvin-Helmotz 
vortices over submerged canopies both rigid and flexible. The vortices are generated by 
the strong vertical velocity gradient due to the presence of submerged vegetation, which 
during their passage affect the velocity and the transport. 
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For the experiments both artificial flexible and rigid vegetation were used (the rigid 
vegetation was simulated with wooden cylinders). The velocity was measured through 
the use of an array of three or four 3D acoustic Doppler velocimeters. 
 It was observed from the results that in the case of submerged vegetation, under the action 
of a vortex the velocity can change with a factor of three. However, the variation of the 
velocity is strongly coherent with the oscillation of the canopy, which can be  in the order 
of a quarter of the plant height. For what concern the rigid vegetation, the passage of the 
vortices generates a decrease of the vertical transport of about 40%. In any case, the 
movement of the vortices is synchronized with the waving motion of the vegetation, 
hence, the models have to consider these two aspects as correlated. Ghisalberti and Nepf 
(2009) further developed the study of Kelvin-Helmotz vortices in the case of submerged 
vegetation, focusing on the longitudinal development of the vortices. In fact, a transition 
length is required to reach the condition of completely developed vortices. Over this 
length the effects of the vortices on the vertical transport is lower than the region with 
completely developed vortices. 
Experiments over both rigid and flexible submerged canopies were carried out. 
Velocity vertical profiles were measured through the use of Doppler velocimeters, 
furthermore, food dye was injected, which permitted the visualization of the Kelvin-
Helmotz vortices (see fig. 2.14). 
Figure 2.14: visualization of Kelvin-Helmotz vortices through the injection of food dye and a scheme of their 
longitudinal development. (Ghisalberti and Nepf, 2009) 
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From the results was possible to observe that the amplitude of the monami was about 30% 
of the maximum plant height and the consequently drag reduction was nearly 40% 
compared to the drag value without the monami. Therefore, the in-canopy velocity and 
the penetration of the turbulent stresses inside the canopy were increased, hence, the 
vertical velocity gradient diminishes, which affects the formation of Kelvin-Helmotz 
vortices and explains the presence of a transition length. Finally, a relation for the 
estimation of the transition length was found. 
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3. KNOWLEDGE GAPS AND RESEARCH OBJECTIVES 
 
 The energy loss mechanisms, which directly affect he hydraulic resistance, and 
the phenomena that govern the behaviour of nutrients and chemical substances in water 
due to the presence of vegetation are still under debate.  
As described in the previous chapter, several authors studied the effects of vegetation on 
the hydraulic resistance. In the case of submerged flexible vegetation, only uniform 
distributions were generally considered (e.g. Kouwen, 1969), whilst, effects of different 
pattern were taken in account only in the case of rigid vegetation (e.g. Righetti et al., 
2002, or James et al., 2010). Hence, the necessity to analyse the influence on the flow 
provided of different submerged flexible vegetation patterns.  
A possible path is to study the hydraulic resistance and its variations by considering bulk 
hydraulic parameters and blockage factors (Savio, 2014). However, while this approach 
gives important results at the river scale, a study at the patch scale can allow a better 
understanding of the physical processes which characterize the variations of the hydraulic 
resistance.  
With this aim, the velocity field will be measured upstream and downstream of a single 
vegetated patch and it will be related to a flow visualization work, i.e. dye tracer will be 
injected continuously and analysed in different conditions by using several advanced flow 
visualization techniques. In particular, this work will focus on the area downstream of the 
patch. 
The experiment objectives can be summarized as follows: 
 
 visualization of flow behind a porous submerged patch of vegetation; 
 measured velocity time series; 
 analysis of time-averaged velocities; 
 dye concentration time series; 
 analysis of time-averaged concentrations; 
 correlation between the velocities and the concentrations; 
 
These study will allow a better understanding of the mechanisms behind the energy 
dissipation (eddies and secondary currents) generated by the patch and to analyse 
quantitatively and qualitatively the behaviour of a tracer passing through a porous patch. 
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In future will be possible to use different types of solute trying to simulate nutrients and 
chemical substances and to describe the influence of vegetation patches on their motion. 
Furthermore, it will be interesting to study the modifications of the vortex phenomena 
behind the vegetation (and, hence, of the energy losses) due to the interaction between 
two or more patches. 
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4. EQUIPMENT 
 
The experiments were carried out at the University of Aberdeen’s Fluid 
Mechanics Laboratory. The principal instruments used in this work, their functioning and 
their eventual calibration are described in this chapter. 
 
 
4.1 Laboratory Facilities 
 
4.1.1 Laboratory Flume 
 
 The open channel used for the experiments is an artificial flume 11 m long, 0,4 m 
wide and the glass walls are 0,25 m high (fig. 4.1). The flume is capable to run a flowrate 
up to 23 l/s. The use of an electromagnetic flow meter (fig. 4.2 on the right) connected to 
a digital display allows to measure the flow discharge. The bed slope of the flume is 
controlled by a hand operated screw type jacking system. The creation of uniform flow 
condition is possible controlling the opening of weirs situated at the end of the channel 
(fig. 4.3 on the right). Ten rulers, glued on the glass wall side, identify ten different 
sections and allow to measure the water depth and the height of the vegetation. Ten 
piezometers (fig. 4.3 on the left) have been positioned in these sections in correspondence 
of the middle longitudinal axis in order to have a further check of the water surface level. 
Finally, in order to attach the vegetation patches on the bed, a fastener-binder system was 
created by covering the entire flume bed with velcro. 
Figure 4.15: the Blue Flume at the University of Aberdeen’s Fluid Mechanics Laboratory. 
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4.1.2 Ultrasonic Velocity Profile (UVP) 
 
 The UVP is an instrument which measures instantaneous velocity profiles along 
the direction of the ultrasound signal emitted by the probe within a liquid. It allows to 
obtain time averaged velocity profiles and, by moving the probe or by using more probes, 
spatial averaged profiles. 
Various advantages of the UVP are: 
Figure 4.17: the ten piezometers (on the left) and the weirs in the end of the flume (on the right). 
Figure 4.16: the hydraulic pump (on the left)  and the electromagnetic flow meter (on the right). 
 43 
 
 the probes are located outside the liquid, hence, they do not disturb the flow (not 
always possible); 
 even in the case of probes situated inside the liquid, for their small dimensions 
they do not interfere heavily with the flow (diameter of 5 mm for a 4 MHz probe); 
 the instrument is usable with both transparent and opaque fluids. 
 
The main components of the UVP are: 
 
 the transducer, which transforms an electric pulse into an ultrasonic signal; 
 the UVP-XW monitor; 
 the UVP-SOFTWARE; 
 an eventual external multiplexer box in the case of multiple probes used 
simultaneously. 
 
 
                                                                                     
Figure 4.19: the UVP-XW monitor (on the left) and a typical UVP transducer  (on the right). (Met-Flow, 2000) 
Figure 4.18: : the UVP-XW monitor (on the left) and a typical UVP 
transducer  (on the right). (Met-Flow, 2000) 
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The transmitter and the receiver, which compose the probe, coincide, hence the 
signal is emitted and received in the same point. The transmitter emits a short ultrasonic 
pulse which travels along the probe axis and it is deflected over the receiver. In fact, when 
the signal hits a particle, it is partly scattered and the UVP measures the velocity of the 
particle which moves with the fluid. The reflected signal comes back to the receiver after 
a time: 
 

 = 2~      (4.1) 
 
where x is the distance between the receiver and the hit particle and c is the celerity of the 
sound within the fluid.  
If the stricken particle is moving along the axis of the probe, the Doppler’s effect modifies 
the frequency of the signal: 
 
 = ~)2)$      (4.2) 
 
where v is the velocity of the particle along the axis of the probe, f0 is frequency of the 
signal emitted by the probe and fd is the “Doppler-shifted” frequency.  
c and f0 are known, whilst the instrument measures t and fd, thus it is possible to obtain x 
and v.  
Figure 4.20: schematic picture of UVP velocity profile measurement on a flow with free surface. (Met-
Flow, 2000) 
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The ultrasonic signal is described by two main characteristics: 
 
 channel width, where the channel is a certain measurement volume; 
 window width, where the window is the distance between the channels 0 (the first 
channel) and 127 (the last channel). It can be expressed as: 
  = {
/
H= ~ℎ==+ + 127 ∙ ~ℎ==+ |H{
=~+ 
 
By changing the distance between the channels, the window width and, consequently, the 
resolution of the instrument are modified. The window width is limited by: 
 
 the minimum depth, which is decided by the opeator. It is usually taken, for 
practical reasons, at 5 mm from the probe; 
 the maximum depth, which is a function of the frequence of the signal. 
 
A new pulse is emitted when the previous signal comes back to the probe, hence, the 
pulse repetition frequency is defined as: 
 
)rj = 1
 = ~2|htU      (4.3) 
 
An upper limit to the sampling frequency is imposed by Nyquist sampling theorem: 
 
Figure 4.21: illustration of terms connected with "measuring window". (Met-Flow, 2000) 
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)htU ≤ )!2      (4.4) 
 
which in this case becomes: 
 
) ≤ )rj2      (4.5) 
 
As a consequence, also v is limited, from eq. 4.2: 
 
htU = ~)rj4)$      (4.6) 
 
For these reasons, it is necessary to reach a compromise between the maximum velocity, 
the maximum depth and f0. The relationship that links these parameters is expressed by 
the following equation and by the graph in fig. 4.8: 
 htU~ = ~8)$|htU      (4.7) 
 
Figure 4.22: variation of the maximum measurable velocity with depth and the Doppler angle. 
(Savio, 2014) 
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However, the velocity range which characterizes common probes is not suitable for 
laboratory measurements, thus, it is necessary to extend this range by changing the 
Doppler angle α as defined in fig. 4.9. By changing this angle, it is possible to extend or 
reduce the range of measurable velocities (see fig. 4.8).  
In the case of a single probe, it is assumed that the vertical velocity in the z 
direction, compared with the velocity in the x direction, is negligible. This hypothesis 
allows to obtain the velocity u once that α is known and u’ is measured (see fig. 4.9): 
 
Figure 4.23: schematization of the velocity vectors in the case with a single UVP probe. (Savio, 
2014) 
Figure 4.24: error in velocity measurements due to uncertainties on probe positioning and the 
Doppler angle. (Savio, 2014) 
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 = ′~	{α     (4.8) 
 
The maximum measurable velocity increases with the Doppler angle and decreases 
increasing the measurament depth. An error in the velocity measurement depends on the 
chosen value of α and on the uncertainty of probe positioning due to practical reasons, as 
showed in fig. 4.10. 
While the previous is necessary in the single probe case, it is not in the cases with 
more than one probe. Through the use of several transducers it is possible to obtain the 
complete velocity fields: 2D velocity field by using two probes and 3D velocity field by 
using three or more probes. 
In fig. 4.11  it is shown how to calculate the bi-dimensional resultant velocity V by using 
two probes. The UVP measures the velocities u’ and u”, u and v are obtained through a 
vector composition: 
 
 =  + ′′2~	{      ;       = −  + 2{+=      (4.9) 
 
hence: 
 
 ≠ ~	{ ≠ ~	{      (4.10) 
Figure 4.25: schematization of how to obtain the velocity field by using two probes. 
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which means that the assumption of consider w negligibile induces errors in the velocity 
estimation. Finally, by using more than one transducer, the several velocity components 
can be calculated only in the meeting point of trajectories of the pulses. If there is the will 
to have the velocity in more points, it is necessary to move the probes or to have different 
groups of probes. 
 
 
4.1.3 Vectrino Velocimeter 
 
The Vectrino velocimeter, as the UVP, is a device based on ultrasonic waves and Doppler 
effect which measures the velocity of particles within a fluid. The probe, connected to the 
main housing by a stem (see fig. 4.13), is different from the UVP probe. It is constituted 
by one central transmit transducer and four external receiver transducers. The receivers 
allow to measure the three components of velocity. Whilst only three receivers should be 
enough to quantify the velocity, a fourth receiver gives an additional redundant 
information, useful to estimate errors in the measurements and their accuracy.  
The Vectrino measures the velocity of the particles in a control volume located 50 mm 
beneath the transmitter, in which the receive pulses intercept each other (see fig. 4.12). 
The control volume is 3 ~ 15 mm high (adjustable by user) and has a 6 mm diameter. Its 
position from the probe is fixed, which leads to prefer the use of the UVP in some cases, 
e.g. if the water depth is 10 cm and the velocity to measure is closed to the bottom, the 
Vectrino has to be immersed in water, which will affect the flow.  
 
 
Figure 426: illustration of Vectrino probe, receive and transmit beams and control volume. (Nortek, 
2004) 
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4.2 Evergreen Artificial Grass 
 
Artificial grass, as shown by several previous works (Kouwen, 1969, Kouwen, 1973, 
Kouwen, 1980), behaves similarly to natural grass as regards mechanical and hydraulic 
characteristics (waving motion, bending,…).  
Artificial grass has some advantages compared to natural vegetation: 
 
 the high variability of the natural grass leads to difficulties in the measure of the 
canopy height, which are not present dealing with artificial vegetation; 
 artificial vegetation has a lower cost, in terms of money, than natural grass; 
 natural grass has a decay after a short period of time, which leads to the 
impossibility to run experiments over a long period of time. On the contrary, the 
artificial vegetation has not this problem; 
 the artificial vegetation can be 
easily cut in specific shapes and 
dimensions as request from the 
experiments, which is not possible 
with natural vegetation. 
 
For all these reasons artificial grass has 
been preferred than natural vegetation. Its 
characteristics are shown in tab 4.1.  
Figure 4.27: Vectrino probe. (Nortek, 2004) 
Figure 4.28: flexible patch of artificial vegetation. 
 51 
 
 
Table 4.1: main characteristic of the artificial grass. (Savio, 2014) 
 
Density M  Areal density Aw 
[stems/cm2] [cm2/cm2] 
24.36 20.46 
 
 
 
4.3 Injection Pump 
 
 For the injection of the tracer in water, it was necessary an automatic and precise 
instrument which allowed to control the dye output in time in order to make it constant. 
Among various possible solutions, a syringe pump system was chosen (see fig. 4.15).  
The system is composed by a mechanism that moves the piston inside the syringe by 
using  a stepper engine controlled by a programmed micro-controlled board. Through this 
system it is possible to set the rotations per minute of the stepper motor, which modifies 
the piston velocity and, thus, the flow rate exiting from the syringe.  
Considering the same discharge value, it is possible to change the syringe needle which 
modifies the velocity of the dye inside the needle; for the continuity law: 
 
<yyy = '<yyy      (4.11) 
 
decreasing the needle dimension the velocity increases. This is a significant choice, in 
fact it is important that the dye has the same velocity of the flow in the region closed to 
  
Un-deflected height Hv Width w Thickness t 
Average [mm] 35.3 1.19 0.2 
Standard deviation [mm] 0.757 0.049 0.013 
Coefficient of variation [-] 0.21 0.41 0.67 
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the channel bed in which it is injected. By knowing the velocity inside the needle it is 
possible to estimate the output velocity through the Bernoulli theorem. Hence, a 
compromise between the flow rate and the velocity of the dye has to be reached. 
 
 
4.5.1 Syringe Pump Calibration 
 
 The relations between the rotations per minute of the engine, the flow rate and the 
output velocity had to be quantified.  
The syringe was filled with water. The time t, in order to fill 10 ml in a measuring cup for 
a certain number of rotations per minute of the engine, was measured. The flow rate has 
been estimated with the relation: 
 
 = 10
      (4.12) 
 
By measuring the filling time and knowing that the syringe can contain 100 ml of liquid, 
a maximum injection time was estimated. This is an important aspect because, in this 
work, an injection time of about 6 ~ 7 min is needed.  
Furthermore, trough relation 4.16, it has been possible to estimate the in-needle-velocity 
for all discharge values and for several needle dimensions. 
The obtained results are shown in fig. 4.17, 4.18 and 4.19.  
In fig. 4.17 it is observable as the relation between the flow rates and the rotations is 
strongly linear and can be interpolated with the equation: 
Figure 4.29: the syringe pump used during the experiments. 
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  = 0,0467 + 0,0207 
 7 = 0,9988 
 
where the coefficient of determination R2 shows a great correlation between the two 
parameters. As expected, with the increasing of the engine rotations and, hence, of the 
piston velocity, the discharge exiting from the syringe becomes higher. 
In fig. 4.18 the relation between the maximum injection time sustainable from the syringe 
and the flow rates is shown, it has a hyperbolic trend, which can be interpolated as: 
  = 100,01G5 
 
Predictably, if the flow rate increases, the maximum injection time decreases. 
In fig. 4.19 it is shown how generally the dye speed inside the needle increases with the 
flow rate, but also how it decreases with the increase of the needle diameter (eq. 4.11).  
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4.4 Dye Tracer 
 
 In order to study the effects of a submerged flexible patch on the flow, a dye tracer 
is injected upstream of the patch through the use of the syringe pump. It is necessary that 
the dye has the same specific weight of the water, otherwise it would not move in the 
same manner of the water within the flume. For this reason, the dye has been mixed with 
isopropyl alcohol, in order to give the dye a specific weight equal to 1.  
Finally, in order to avoid differences of temperature between the water flow and the tracer 
which could lead to additional and unwanted vertical movements, the dye has also been 
mixed with water directly taken from the water flow. 
 
 
4.4.1 Dye Calibration 
  
In order to determine a correct proportion between the dye and the isopropyl 
alcohol, their densities were estimated. They were measured 10 times each and mean 
density values were calculated, which 
are shown in table 4.2. 
Thus, it was possible to calculate the 
correct proportion between the dye and 
the isopropyl alcohol by using the 
following relations: 
 uy ∙ ^uy + t ∙ ^t = ^Ktyj     (4.13) 
 t = 1 − uy     (4.14) 
 
where ρ is the density and x is the quantity of the fluid in a single unit. Hence, the final 
relation is: 
 
 = ^Ktyj − ^t^uy − ^t      (4.15) 
 
Mean Density Values [kg/m3] 
Water Dye Isopropyl Alcohol 
1003.46 1061.94 785.88 
Table 4.2: table of mean measured values of the density. 
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By substituting the calculated main values of the density, a correct mixture should be 
composed by a 78% of dye and by a 22% of isopropyl alcohol, e.g. a 50 ml mixture should 
contain 39 ml of dye and 11 ml of isopropyl alcohol. Finally, a 33% of in-flume water 
was added to the dye-alcohol mixture. 
 
 
4.5 High Definition Camera 
 
 For video capture, a high definition camera has been used. It allows to record with 
a frequency of 50 Hz and to have a high definition resolution of 1920x1080 pixel for 
every frame. These good overall performances permitted to reach a great precision in the 
image analysis. 
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5. PRELIMINARY TESTS 
 
 Before to proceed with the dye injection experiments, several preliminary tests 
were necessary. In particular, it was necessary to investigate more accurately the 
development of the boundary layer along the flume and the velocity field upstream the 
patch.  
In this and in the next chapters the reference system as shown in fig. 5.1 was used. 
 
 
 
5.1 Velocity Field Upstream of the Patch 
 
 The dye will be injected within the vegetation, which will allow the study and the 
visualization of the flow downstream of the patch. However, for a better understanding 
of the hydrodynamic effects of the vegetation, it was appropriate to investigate the 
velocity field even upstream of the patch. Furthermore, this can be useful for future works 
in which dye can be injected upstream of the patch. 
Figure 5.34: representation of the used reference system. 
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The velocity was measured in several points with the Nortek Vectrino. As shown 
in fig. 5.2, an area up to 15 cm behind the patch was investigated along three straight 
longitudinal lines (right, central and left lines) and in three different plans, respectively 
with a height of 1.4 mm, 3.4 mm and 5.4 mm from the channel bed. In each lines, 17 
points, distant 1 cm from each other, were investigated. An additional point was added at 
0.5 cm in order to have a higher precision close to the patch. Three different water depth 
of 65 mm, 100 mm and 120 mm were investigated. In each point the velocity has been 
measured continuously for 2 min, therefore, it was possible to calculate average 
velocities.  
 In fig. 5.3, the longitudinal trend of the mean velocity l at  = 3.4 ~ in the x 
direction is shown. l decreases approaching both the patch and the channel bed. It has 
also a lower velocity in the centre than in the sides, these values determine the exiting 
velocity of the eventual dye injection. The flow speed seems to be constant starting at 7 
cm from the patch, thus, a reasonable injection area would be between 7 cm and 10 cm 
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Figure 5.35: scheme of the points in which the flow velocity was measured with the Nortek Vectrino. 
 59 
 
upstream the patch. However, the variations of ̅ start close to 12 cm from the patch, thus 
the injection point should be moved upstream in this area. 
By observing the velocity components ̅ and % , further information about the effects of 
the patch on the water flow can be caught. It is possible to observe how ̅ is almost equal 
to 0 far from the patch, but also how it, approaching the patch, becomes different from 0. 
This shows the tendency of the water to turn around laterally the patch. However, in the 
central line ̅ remains equal to 0, because the water oscillates equally between left and 
right. Furthermore, in fig. 5.4 the spatial variation of the velocity in the x-y plane is given  
by a vector representation in  = 3.4 ~. In Appendix B the vector graphs for the other 
heights and water depth are collected. 
The trend of the mean velocity %  becomes progressively higher than 0 approaching the 
patch and it becomes again equal to 0 close to the patch. This shows that the water has 
two other different behaviours near the patch. In fact, a part of the water goes up flowing 
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Figure 5.36: longitudinal profiles of the mean measured velocities at z=3.4mm and for a water depth of 65 mm. 
 60 
 
over the patch and the other part passes through the vegetation with a velocity almost 
equal to zero. 
Finally, it has to be observed how the measures can be disturbed both in  = 0 ~ and in  = 1.4 ~ respectively for the possible negative effects of the vegetation and of the 
channel bed on the sampling measurement volume of the Vectrino. Furthermore, in the 
graphs in Appendix A, it can be seen how the velocities generally decrease becoming 
closer to the channel bed. 
 
 
5.2 Flow Development along Open-Channel Flume 
  
 This work focuses on the hydrodynamic effects of single patch of vegetation 
subject in fully developed uniform flow. However, in open-channel flume the zone in 
which this condition is respected is not known a priori.  
The water flow can be divided in three different regions (Nikora et al., 1998): an entrance 
region, an exit region and a central region. Only in the last case the uniform flow is fully 
developed (see fig. 5.5). A broad definition of uniform conditions was provided by Nikora 
et al. (2007) for which a flow is uniform if the properties of the flow remain the same 
along the flow itself. Moreover, a fully developed flow is traditionally defined as that 
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Figure 5.37: vector representation of the spatial variation of the mean velocity in the x-y plane in the case of h=65mm 
and z=3.4mm. 
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flow for which the boundary layer occupies the entire water depth (Nikora et al., 1998). 
Both the conditions can be verified by measuring the velocity along the flume at different 
heights. The Vectrino provides punctual velocity measures, which are appropriate in 
cases when spatial-averaged velocities are not required and, thus, in this case, i.e. the 
double average technique is necessary when the time-averaged flow is non-uniform, for 
example in presence of bed roughness (Nikora et al., 2007). 
 Several semi-empiric formulas have been proposed for the estimation of the 
required distance, from the inlet section of the flume, to have uniform flow. Nikora et al. 
(1998) modified a relationship earlier proposed by Monin and Yaglom (1971): 
 
 = 1 ℎ :∗      (5.1) 
 
where Ldf is the length at which the flow should be fully developed, ς is an empirical 
constant equal to 0.33, h is the water depth, U is the mean flow velocity and ∗ is the 
shear velocity. An alternative expression of Ldf, based on bulk flow parameters, was 
proposed by Kirkgöz and Ardiçlioğlu (1997): 
 ℎ = 76 − 0.0001 +*/      (5.2) 
 
where Re is the Reynolds number and Fr is the Froude number. 
By observing the results in tab. 5.1, obtained through the study of three water depths, it 
is possible to observe how the required distance is extremely variable. 
 
Figure 5.38: schematic representation of the flow development and identification of the three regions which 
characterize the in-flume flow. 
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For example, with the water depth of 120 mm Ldf may vary between 40h and 63h, which 
means between 4.8 m and 7.56 m.  The presence of these large variations is due to the 
great dependence of the boundary development on the specific laboratory facilities and 
type of roughness, consequently, equations 5.1 and 5.2 are related to specific 
experimental conditions. For these reasons they can provide a range in which Ldf is 
included, but to have better estimations it is necessary to proceed with deeper analysis. 
 
Table 5.2: flow parameters and estimations of the required lengths in order to have fully developed flow for three 
different water depths. 
 
 
 
 
 
 
 
 
 
5.2.1 Data Collection Time 
 
In order to have satisfactory time-averaged velocities and to allow turbulence 
studies it was necessary to individuate a sufficient data collection time.  
Velocities at  = 18  and  = 60  for a water depth of 120  were measured 
continuously for 30 min through the use of the Vectrino with a frequency of 100 Hz in 
the central zone of the flume.  
Once that the data were collected, in order to individuate an appropriate recording time, 
the total measurement time of 30 min was divided in smaller intervals of different 
duration indicated as Δt (Δt = 0.5, 1, 2, 3 5, 6, 10, 15 min). In each interval, the 
instantaneous velocities were studied with a statistical approach. 
In fig. 5.6, form the top to the bottom, the mean velocity, the coefficient of variation and 
the standard deviation of the mean velocity are shown. In fig. 5.7, instead, there are the 
standard of the velocity in each interval, the standard deviation of the standard deviation 
h [m] U [m/s] u* [m/s] Fr Re 
0.06 0.283 0.027 0.352 18549.4 
0.1 0.384 0.033 0.387 38686 
0.12 0.435 0.033 0.4 52372.2 
Ldf Nikora et al. Ldf Kirkgöz et al. 
 
  
31.76 h 70.73 h 
 
  
35.26 h 66.00 h 
 
  
39.94 h 62.91 h 
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over the mean global standard deviation and the standard deviation of the standard 
deviation. In both these figures the velocity was measured at  = 18 . In fig. 5.8 and 
in fig 5.9 the same graphs are shown, but for the velocity measured at  = 60 .  
It is possible to observe that the velocity measures at   = 60  provide values 
generally lower than the values obtained at  = 18 , which means that velocity 
measures close to the bed require a greater sampling time in order to have the same 
uncertainty rate.  
To reach a compromise between the measurement time and the admissible error, a 
sampling time of 3 min was chosen, which allows to have the 1% of uncertainty, as shown 
by % l⁄  at  = 18 . 
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Figure 5.39: the mean velocity, the coefficient of variation and the standard deviation of the mean velocity, calculated 
for each interval,  are shown. The measurement point was at z = 18 mm. 
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Figure 5.40: the standard of the velocity in each interval, the standard deviation of the standard deviation over the 
mean global standard deviation and the standard deviation of the standard deviation, calculated in each interval, are 
shown. The measurement point 
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Figure 5.41: the mean velocity, the coefficient of variation and the standard deviation of the mean velocity, calculated 
for each interval,  are shown. The measurement point was at z = 60 mm. 
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Figure 5.42. the standard of the velocity in each interval, the standard deviation of the standard deviation over the 
mean global standard deviation and the standard deviation of the standard deviation, calculated in each interval, are 
shown. The measurement point was t z = 60 mm. 
 67 
 
5.2.2 Identification of the Uniform Flow Region along the Flume 
 
 In order to identify position and dimensions of the central region, in which the 
flow is both fully developed and uniform, the reference is the definition of uniform flow 
provided by Nikora et al. (2007): a flow is uniform if the properties of the flow remain 
the same along the flow itself. Between the three considered water depths, the worst 
scenario of 120  was considered, i.e. the boundary layer requires the largest distance 
to reach the free surface making the flow fully developed.  As a consequence, velocities 
were measured by using the Vectrino for a time of 8 minutes in 4 different heights ( =60 ,  = 48 ,  = 36 ,  = 24 ) and in 16 sections, distant 60 ~ from 
each other and covering the entire length of the flume.  
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Figure 5.43: time-averaged velocities measured along the flume at different heights and with a water depth equal to 
120 mm. The black dashed rectangle emphasize the range within which each velocity is sufficiently constant in order 
to identity the presence of unifo 
 68 
 
From each measurement, time-averaged velocities were calculated (see fig. 5.10). 
Furthermore, the variation of ∆l/∆,  ∆̅/∆,  ∆%/∆ along the flume were shown (see 
fig. 5.11), they are defined as: 
 ∆l∆ = l − lG5 − G5      (5.6) 
 
where i identifies the i-th section. This representation is particularly useful to emphasize 
the variation of the time-averaged velocities from a section to the next one.   
The results in fig. 5.10 show the obtained  time-averaged velocities. The mean 
velocity l is quasi-constant in a range between 3.5 m and 7.5 m, outside of which l is 
higher because affected by inlet and output conditions.  
For the other 2 velocity components ̅ and %  the central region reduces its dimension in 
a range between 6 m and 7.5 m. The small scale used in the vertical axis allows to 
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Figure 5.44: variation of ∆l/∆, ∆̅/∆, ∆%/∆ along the flume. 
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appreciate the adjustment of the flow from a condition with large velocity variations in 
the entrance region to the uniform flow conditions.  
However, this mode of representing the velocity is strongly scale-dependent, hence, is not 
particularly appropriate in order to evaluate the variation of the velocities along the flume, 
e.g. the variations of %  appear incorrectly to be higher than the variations of l, because 
in the third graph the scale of the vertical axis is of three order of magnitude smaller than 
the scale in the first graph. 
The plots in fig. 5.11 are more appropriate for the current analysis. Every axis has the 
same order of magnitude, which leads to more objective considerations. The black dashed 
rectangles still individuate the range within which the velocities are quasi-constant and 
the flow can be considered as uniform. It is evident how in this case the rectangles are 
similar to each other, which leads to the possibility to define an univocal central region 
between 5 m and 7 m from the flume entrance 
 
 
5.2.3 Fully Developed Flow 
 
 As stated above, a flow is considered fully developed when the boundary layer 
occupies the entire water depth. As suggested by M. Stewart (2014), a method to follow 
the boundary layer development is to study the behaviour of the turbulent components of 
the velocity along the flume. By referring their variance, it is equal to zero when the flow 
is laminar, it increases when the boundary layer is growing and it is constant when the 
boundary layer completely reaches the analysed height. 
In fig. 5.12 the variation of the velocity variances llllll, lllllll, llllll along z and x are 
shown. By observing the graphs, these values seem to be non-constant. However, 
considering the order of magnitude adopted by M. Stewart (2014), they can be considered 
quasi-constant for the whole length of the flume, which indicates the presence of the 
boundary layer. This extremely rapid flow development in  ℎ < 0.5⁄  allows to assume 
the same behaviour in  ℎ > 0.5⁄ , i.e.  ℎ > 0.5⁄  was not investigated because of 
technical limits of the Vectrino. Hence, the entire in-channel flow can be considered as 
fully developed. 
 
 
 70 
 
 
 
5.2.4 Conclusions 
 
 As stated above the flow is fully developed for the whole length of the flume and 
it does not influence the choice of the patch position. However, only a limited portion of 
the flow (from  5 m to 7 m) can be considered uniform, therefore, it was chosen to place 
the vegetation patch at 6 m from the inlet zone of the artificial channel where the flow is 
both uniform and fully developed.  
Concluding, the obtained result is similar to the lengths calculated by eq. 5.1 and 5.2: 
these two relations can be useful for a first estimation of , but for more accurate values 
further analysis are necessary. 
 
2 3 4 5 6 7 8 9 10
0
1
2
3
4
x 10 -3
x [m]
u
′u
′
[m
m
/
ss
]
2 3 4 5 6 7 8 9 10
0
2
4
x 10 -4
x [m]
w
′w
′
[m
m
/
ss
]
 
 
z/h=0.5
z/h=0.4
z/h=0.3
z/h=0.2
2 3 4 5 6 7 8 9 10
-4
-3
-2
-1
0
x 10 -4
x [m]
u
′w
′
[m
m
/
ss
]
Figure 5.45: variances of the turbulent velocity components along x and z. 
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6. EXPERIMENTAL SET UP 
 
 The aim of this work is to study and visualize eddies and secondary currents 
downstream of a single submerged porous patch of vegetation by using two different 
approaches. The first involves punctual velocity measurements, opportunely distributed, 
in order to create velocity maps and contour plots. The second approach is based on 
continuous dye injections from a point inside the vegetation, which allows to observe and 
follow the dissipative phenomena situated downstream of the patch. These two 
approaches can be related, and the final step of this study is to find the connection between 
them. 
 
 
6.1 Shape and Position of the Patch 
 
 The patch of vegetation used during the 
experiments has a square shape, 10 cm wide and 3.5 
cm high (fig. 6.1). The patch was positioned at y = 
0 cm and at x = 595 cm from the inlet section (see 
the reference system in fig. 5.1 and fig. 6.2) within 
the fully developed uniform flow region (see par. 
5.2). The characteristics of the artificial vegetation 
are listed in par. 4.2.  
 
1
0
 [
cm
]
10 [cm]
3
.5
 [
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]
Figure 6.46: shape and dimensions of the 
patch. 
Figure 6.47: position of the patch. 
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6.2 Hydraulic Conditions 
 
 During the experiments three different water depths were investigated. All the 
hydraulic parameters are listed in tab. 6.1. 
 
Table 6.1: hydraulic parameters of the three investigated water depths: h = 65, 100 and 120 mm. 
 
Hydraulic Parameters 
 
Water Depths [mm] 
 h = 65 mm h = 100 mm h = 120 mm 
Q [l/s] 6.914 14.309 19.898 
Q [m3/s] 0.0069 0.0143 0.0198 
h/hv 1.9 2.8 3.4 
U [m/s] 0.256 0.356 0.410 
A [m2] 0.026 0.040 0.049 
C [m] 0.530 0.601 0.643 
R [m] 0.049 0.067 0.076 
u* [m/s] 0.026 0.031 0.036 
Fr 0.331 0.358 0.376 
Re 17,285 35,772 49,745 
S [‰] 1 1 1 
 
 
 
6.3 Velocity Measurements 
 
 It was investigated the velocity field downstream of the patch for each of the three 
water depths. The velocity was measured in a grid of points as shown in fig.6.3, located 
in the x-z plane at y = 0. The main technical impediment was the impossibility to measure 
the velocity in the higher region of the flow due to the required distance (equal to 47.6 
mm) between the Vectrino’s probe and the sampling volume. 
In agreement with paragraph 5.2 a measurement time of 3 min was chosen, thus to allow 
turbulence analyses. 
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Figure 6.48: scheme of the grids of points in which the velocities were continuously measured for 3 min downstream 
of the patch. The three analysed water depth are 65, 100, 120 mm. 
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6.4 Dye Injection 
 
 As described in detail in par. 4.4, the dye was properly mixed with isopropyl 
alcohol and water, with the aim to have a coherent motion in water. It was continuously 
injected from a needle, which was placed close to the ground inside the patch as shown 
in fig. 6.4. In order to obtain good dye discharge values (otherwise its visualization would 
have been difficult) with low exit velocities, the needle used for the injections 
experiments had a diameter of 1.5 mm. The flow velocity within the patch is very low 
and non-measurable with the Vectrino, hence, to determine the correct rotations per 
minute of the syringe pump engine (tab. 6.2), it was referenced to a subjective evaluation 
of the shapes of the exiting dye as described by Smits (2000).  
The injection was recorder by using a high definition camera (par. 4.5) from the side of 
the flume. In order to have a sufficiently high contrast between the dye and the 
background it was chosen to use a black dye over a white background. Furthermore, the 
examined area was illuminated by several lights, located above the flume, in order to have 
an uniform background colour.  
 
 
Table 6.2: rotation per minute of the stepper engine of the pump and lengths of the recorded videos. 
Rotation per Minute  Sampling Time (Video Recording) 
h=120mm h=100mm h=65mm h=120mm h=100mm h=65mm 
4 2 2 6 m 30 s 6 m 42 s 12 m 29 s 
 
 
 
Figure 6.49: a frame of one of the recorded video during the 
experiments. 
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Figure 6.50: scheme of the laboratory set up used during the experiments. The red circle indicates the point in which 
the fluid velocity was measured. 
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Finally, as it is possible to see in fig. 6.4 and in fig. 6.5, the flow velocity was continuously 
measured in one point during the dye experiments. This allows to make some correlations 
between the variations in time of the velocities and the concentrations in the analysed 
point. 
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7. CALCULATION OF HYDRAULIC PARAMETERS 
 
In these chapter, main hydraulic parameters for open channel flows and their 
mathematical expressions are briefly explained, in order to be able to characterize the 
water flows within the artificial flume. 
 
 
7.1 Mean Water Depth 
 
 The mean water depth has been calculated using the following relation: 
 
ℎl = ∑ ℎ<¡5=      (7.1) 
 
where n is the number of cross sections and hi is the water depth measured in the i-th cross 
section by using the glued rulers. 
 
 
7.2 Energy Slope 
 
 The aim of this work is to study the effects of a submerged patch of vegetation on 
a flow in uniform flow conditions, in which the energy slope Se, the free surface slope Sw 
and the bed slope Se are equal to each other. However, the uniform flow does not exist in 
nature and it is not even reproducible in laboratory conditions, it is only an ideal concept. 
Therefore, quasi-uniform flow condition is achievable: the difference between the energy 
slope and bed slope can be minimized. With this aim Se can be defined as the local 
variation of the energy of the flow: 
 
−y = ¢\¢      (7.2) 
 
and the energy as: 
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\ = ℎ +  + :72     (7.3) 
 
where x is the generic coordinate in the longitudinal direction of the flume, h is the local 
water depth, U is the average velocity of the flow in the cross section, z is the height above 
the reference plain and g is the gravity acceleration. 
By substituting eq. (*.3) in eq. (*.2): 
 
−y = ¢ℎ¢ −  + : ¢:¢      (7.4) 
 
by expressing U as a function of the flow rate Q, the channel width W and the flow depth: 
 
−y = K −  + ℎ ¢¢ E ℎF 
 
the resulting final equation is: 
 
−y = K −  + 7ℎ7 ¢¢ E1ℎF     (7.5) 
 
Once that the energy slope is calculated, it is possible to evaluate if the flow is close 
enough to uniform flow condition. 
 
 
7.3 Reynolds Number 
 
 The Reynolds number is the ratio between the inertial forces and the viscous 
forces, hence, it expresses what force mostly characterizes the flow field. In open channel 
it can be defined as: 
 
+ = :      (7.6) 
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where ν [m2/s] is the kinematic viscosity.  
The value of the Reynolds number defines three different flow regimes: 
 
 laminar flow for Re < 2000, in which the flow is dominated by the viscous forces; 
 transition flow for 2000 < Re < 10000, in which both the viscous and the inertial 
forces characterize the flow; 
 turbulent flow for Re > 10000, in which the flow is dominated by the inertial 
forces. 
 
Open channels are characterize by high Reynolds numbers, which leads to have 
completely developed turbulent flows. 
 
 
7.4 Froude Number 
 
 The Froude number is the ratio between the inertial forces and the gravity forces, 
it is defined as: 
 
*/ = :2ℎ     (7.7) 
 
where 2ℎ is the relative celerity of a small gravitational disturbance. This dimensionless 
number characterizes the type of flow in channel: 
 
 subcritical flow for Fr < 1; 
 critical flow for Fr = 1; 
 supercritical Fr > 1. 
 
The flows analysed in this work are strongly subcritical, characterized by values of the 
Froude number in the order of magnitude of 0.3 – 0.4,  
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8. RESULTS 
  
 In this chapter, the experimental results of this work are shown and discussed. 
First, the velocity field measurements are analysed, with particular reference to the time-
averaged velocities and to the Reynolds stresses generated by the vegetation patch.  
The second paragraph concerns the dye injections. The recorded videos were elaborated 
trough an image analysis process, by which time-averaged concentration contour plots, 
time-averaged concentration profiles and time series of instantaneous concentrations 
were obtained.  
In the last paragraph, the correlation between the concentration and the measured velocity 
fields are discussed, even underlining the limits of this work and suggestions for further 
research. 
The fundamental hypothesis at the base of this work are: 
 
 two-dimensional model: recording the videos from the side of the flume, the 
concentrations are y axis-averaged. In particular, they are averaged on the width 
of the patch, because the dye strictly remains inside this zone during the entire 
injection time; 
 linear relation between color intensity and concentration: from the recorded 
videos it is possible to obtain an intensity color value for each pixel in every frame. 
Calibration between color intensity and concentration was not carried out, 
however, it is acceptable to make the assumption of linear relation between the 
color intensity and the concentration as assumed by Nepf et al. (2005). 
 
 
8.1 Velocity Field 
 
 As explained in chapter 6, the velocities have been measured only in the x-z plane 
located on the centreline of the flume.  
In fig. 8.1 the horizontal profiles of the time averaged velocities for h = 120 mm are 
shown. In table 6.1, it was possible to observe how the mean velocities for the three water 
depths were different from each other, in particular, for h = 120 mm, U was almost twice 
than the mean velocity in the case of h = 65 mm. However, the velocities profiles 
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downstream of the patch are almost identical both for values and shape. Within this flow 
rates range, the characteristics of the vegetation patch seem to control the flow in this 
region (this observation will be important when the concentration profiles will be 
analysed). For this reason, the three cases can be discusses by referring only to the water 
depth of 120 mm, which also has the most wide mesh of points in which the velocity was 
measured, allowing to have more exhaustive plots (all the graphs are presented in 
Appendix C). 
For what concerns longitudinal time-averaged velocity l, its values, close to the 
patch, increase along z. In particular, they are negative close to the bottom and positive 
for higher z. This suggest the presence of a return current towards the vegetation. 
Otherwise, far from the patch, they converge in the same value, indicating that the flow 
is no more affected from the patch. 
The velocities ̅ in the y direction should be averagely equal to zero due to the 
symmetrical oscillations respect the central line of the flume. This does not appear from 
Figure 8.51: horizontal time-averaged velocity profiles for h = 120 mm. For the great similarity between the plots of 
the three cases only this one is shown. For the other graphs see Appendix C. 
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the results because the velocities assume values different from zero, probably due to 
specific laboratory conditions. However, this aspect can be neglected because the 
velocities are very small. Curios is the fact that, even for this velocity components, the 
profiles are similar to each other for all the water depths. This shows once again how the 
patch imposes stronger boundary conditions than the flow. Then, as it happens for l, far 
from the patch there is still the convergence of  ̅ to constant values. 
The last velocity component %  far from the patch (x > 250 mm) has higher values close 
to the bed, this indicates the general tendency of the lowest flow to move upwards. Close 
to the patch instead (x < 25 mm), the velocity has positive values for higher z and negative 
values close to the bed but, from x ~ 25 mm, this behaviour is reversed. This clearly 
indicates the presence of a vortex immediately downstream of the patch as it is easier to 
see in fig. 8.2. In the vector map for h = 120 mm an anticlockwise eddy is clearly visible. 
It appears also for h = 100 mm but, in the h = 65 mm case, the vortex is not observable 
Figure 8.52: vector map and contour plot representing the two-dimensional velocity on the plane x-z for h = 120 mm.
For the great similarity between the plots of the three cases only this one is shown. For the other graphs see Appendix 
C. 
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due to the Vectrino’s blanking distance, even if it probably exists. Consequently, it would 
be interesting to investigate the velocity field with another instrument for the whole depth. 
The contour plots in fig. 8.2 are different representations of the £l; %¤ vector, no 
interpolation techniques have been used. The vortex zone downstream of the patch, dark 
coloured, is highlighted. Furthermore at the top the patch there is a strong velocity 
gradient: the flow becomes rapidly independent from the patch effects reacquiring its 
undisturbed characteristics. 
 In fig. 8.3 the horizontal profiles of the Reynolds stresses are shown and in fig. 
8.4, contour plots provide an alternative representation of them. 
 For what concerns −′′llllll, it increases with z and its peak is clearly visible around x = 
130 mm. This emphasizes the presence of the vortex downstream of the patch as an 
increment of the turbulence level and highlights how it is cause of kinetic energy loss 
which directly affects the hydraulic resistance. A further step of the research could be to 
Figure 8.53: horizontal profiles of the Reynolds stresses for h = 120 mm. For the great similarity between the plots of 
the three cases only this one is shown. For the other graphs see Appendix C. 
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study the effects of the interaction between two or more patches from the Reynolds 
stresses point of view. 
By referring the Reynolds stresses −′′lllll, the turbulence peak is always located in x = 
130 mm, however, in the vertical direction it is obtained for z = 10 mm. This suggests the 
presence of turbulent phenomena in the x-y plane, which cannot be studied with velocity 
measurements only in the centre line of the flume. Thus it leads to the necessity to extend 
the measuring field. 
 
 
 
 
 
 
Figure 8.54: contour plots of the Reynolds stresses for h = 120 mm. For the great similarity between the plots of the 
three cases only this one is shown. For the other graphs see Appendix C. 
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8.2 Dye Concentrations 
 
 The recorded videos were elaborated by an image analysis process, which was 
created by using the computer software Matlab 2012. The videos have a frequency rate 
of 25 Hz and a resolution of 1080x1920 pixels. By using this approach, it was possible to 
individuate the eventual presence of dye and its relative color value in each pixel of every 
frame. Furthermore, as stated in the model assumptions at the beginning of this chapter, 
a linear relation between the color value and the concentration was assumed, which led 
to the possibility to smoothly pass from the first to the second. 
The image analysis, as used in this work, is divided in several main phases: 
 
 video acquisition: at the beginning it is necessary that the software acquires the 
recorded videos. Every frame is a RGB color scale image, which means that every 
frame is composed by three different matrices; 
 grey scale: the RGB images were converted in grey scale images, thus every frame 
was represented by a single matrix instead of three. Hence, each pixel assumed a 
numerical value within the range between 0 (black) and 255 (white); 
 dye individuation: in order to determine the presence or not of the dye in a certain 
instant and in a certain pixel, threshold values were necessary. By a subjective 
visual evaluation (this aspect can be improved in further research with more 
objective calibration), 0 and 150 was chosen as threshold values, i.e. if a pixel has 
a numeric value which falls inside that range this means that in the pixel there is 
dye, otherwise not. The numeric value represents the intensity of the color. Since 
that a higher color intensity means higher dye concentration and that a linear 
relation was assumed, it was possible to draw some conclusions even on the 
concentration. 
 
The results which were obtained by using this approach are shown in fig. 8.7, 8.8 and 
8.9. The nomenclature adopted in these graphs indicates the intensity color value as 
I, the concentration as C and the relation of proportionality as α. As in the previous 
sections, the time-averaging process is indicated by overbar.  
The graphs contain the profiles which describe the trends of ]/̅]h̅tU, the time-
averaged intensity color value normalized by its maximum value, which is 
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proportional to (̅/(h̅tU, the time-averaged concentration normalized by its maximum 
value. The contour plots make easier the visualization of the results.  
For what concern the horizontal profiles, in each of the three cases, the dye 
concentration has the general tendency to have its maximum value close to the 
vegetation and to decrease far for the patch. This is in agreement with what it was 
found regarding the velocity field. The low velocities in the proximity of the patch 
promote the deposition of the dye by increasing its mean residence time.  
By decreasing the water depths, and thus the flow rate, the maximum values of  (̅/(h̅tU occur for lower heights and their decreasing along x needs longer distances. 
In particular, the maximum concentrations for h = 120 mm are located at z = 20 mm, 
for h = 100 mm at z = 10 mm  and for h = 65 mm at 5.4 mm < z < 10 mm. Moreover, 
it is possible to individuate a x-value from which the concentration is equal to zero. It 
becomes  farther from the patch with the decrease of the discharge, in fact, for h = 
120 mm it is at x ~ 60 mm, for h = 100 mm it is at x ~ 85 mm and for h = 65 mm it 
occurs for values of x greater than 85 mm. 
The vertical profiles show how the distributions of concentration become more 
vertically constant distant from the patch with the disappearance of non-uniformities 
induced by the presence of the dye. As observed with the horizontal profiles by 
decreasing the water depth, greater distances are required. Furthermore, as it is 
observable also in the contour plots, the region in which the dye has the greatest 
concentration moves farther downstream and it becomes closer to the bed. 
 These great variations in the behaviour of the dye are not explainable with the 
carried out velocity measurements. In fact, there were not great differences between 
the velocity profiles such as between the concentration profiles in the three cases. This 
is probably due to the existence of 
two symmetrical eddies in the x-y 
plane close to the bed of the flume 
(fig. 8.5), which cannot be studied 
with velocity measurements only 
within the central x-z plane, 
therefore, a three-dimensional 
velocity field is strongly required. 
This will also give the possibility, Figure 8.55: image from above of a dye injection trial. The 
horizontal eddies downstream of the patch are highlighted. 
 88 
 
by recording videos from above the flume, to observe and study the behaviour of the 
concentration in plan  
For these reason,. It can be assumed a large dependence of the concentration by the 
horizontal vortices downstream of the patch, however, it has to be verified.  
 In fig. 8.6 and in the contour plots it is possible to see how the dye always remains 
within the height of the vegetation. This is because, as stated in the previous velocity 
section, the existence of a shear layer (Nepf and Vivoni, 2000) generates a strong 
velocity gradient at the top of the canopy. The high velocities above the vegetation 
rapidly remove the dye which enters in the over-canopy zone. 
One of the hypothesis of the model is the average process in the y direction within 
the width of the patch. This assumption is justifiable through fig. 8.5, which shows 
how the dye strictly remains inside this region. This is probably due to strong velocity 
gradients in the x-y plane, but further studies are necessary. 
Concluding, in Appendix D concentration time series in numerous points are 
included. They show how future studies can focalize on instantaneous oscillations of 
the concentrations and, hopefully, on their correlation with velocity time-series. 
 
 
 
 
 
 
Figure 8.56: frame the dye injection at h = 100 mm. It is shown how the dye principally remains within the vegetation 
height and the  strong velocity gradient is highlighted. 
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Figure 8.57: contour plot  of the time-averaged intensity color value. Horizontal and vertical profiles of the mean 
intensity color value divided by its maximum values which is proportional to the mean value of the concentration 
divided by its maximum value. h =120 mm. 
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Figure 8.58: : contour plot  of the time-averaged intensity color value. Horizontal and vertical profiles of the mean 
intensity color value divided by its maximum values which is proportional to the mean value of the concentration 
divided by its maximum value. h =100 mm. 
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Figure 8.59: contour plot  of the time-averaged intensity color value. Horizontal and vertical profiles of the mean 
intensity color value divided by its maximum values which is proportional to the mean value of the concentration 
divided by its maximum value. h =65 mm 
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9. CONCLUSIONS AND FUTURE WORK 
 
 The usefulness of studies regarding patchiness of aquatic vegetation has already 
been extensively illustrated. They allow to individuate a compromise between the 
complete removal of aquatic plants and their uncontrolled growth satisfying both 
engineering and environmental purposes. Furthermore, they can also provide a better 
understanding of transport phenomena of different types of materials as nutrients, 
chemical waste or suspended sediments. 
This experimental work focused on the downstream effects on the flow of a single 
submerged patch of vegetation. Both velocity measurements and dye injections were 
combined, allowing to study and visualize a great variety of hydraulic parameters as 
velocities, concentrations and Reynold stresses. This allowed to study turbulent 
phenomena within a water flow affected by a single patch of vegetation.  
For the assumption of bidimensionality in the transversal direction, the injected dye was 
averaged along the width of the patch and the velocities were measured only in the a 
vertical plane in the centre of the flume. The latter has proved to be a strong limitation: 
the lack of three-dimensional velocity field did not allow to consider horizontal vortices 
which drive the diffusion of tracers. 
 In future research activities, the velocity measurements should be extended (fig. 
9.1) in order to obtain complete velocity fields and to identify all the turbulent phenomena 
in the three directions. With the same purposes, videos of dye injections should be 
recorded both from the side and from above the flume and correlation between velocities 
and concentrations time series should be found.  
Finally, a natural step of this study should be to study the interaction between patches 
arranged in different patterns, with the aim of a deeper understanding of the reasons 
behind the variations of the hydraulic resistance. 
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Figure 9.60: sketch of a possible transversal extension of the velocity measurements by manteining the same vertical 
mesh of points as shown in fig. 6.3. 
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APPENDIX A:  
Mean Velocity Profiles Upstream a Submerged Flexible Patch 
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Figure A.1: longitudinal profiles of the mean measured velocities at z=1.4mm and for a water depth of 65 mm. 
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Figure A.2: longitudinal profiles of the mean measured velocities at z=3.4mm and for a water depth of 65 mm. 
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Figure A.3: longitudinal profiles of the mean measured velocities at z=5.4mm and for a water depth of 65 mm. 
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Figure A.4: longitudinal profiles of the mean measured velocities at z=1.4mm and for a water depth of 100 mm. 
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Figure A.5: longitudinal profiles of the mean measured velocities at z=3.4mm and for a water depth of 100 mm. 
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Figure A.6: longitudinal profiles of the mean measured velocities at z=5.4mm and for a water depth of 100 mm. 
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Figure A.7: longitudinal profiles of the mean measured velocities at z=1.4mm and for a water depth of 120 mm. 
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Figure A.8: longitudinal profiles of the mean measured velocities at z=3.4mm and for a water depth of 120 mm. 
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Figure A.9: longitudinal profiles of the mean measured velocities at z=5.4mm and for a water depth of 120 mm. 
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APPENDIX B: 
Vector Representation of the Mean Velocity Spatial Variation in the  
x-y Plane 
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Figure B.1: vector representation of the spatial variation of the mean velocity in the x-y plane. 
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Figure B.2: vector representation of the spatial variation of the mean velocity in the x-y plane. 
 111 
 
 
 
 
 
 
-15 -10 -5 0 5 10 15
-10
-5
0
5
10 20 cm/s
y 
[cm
]
h=65mm, z=1.4mm
-15 -10 -5 0 5 10 15
-10
-5
0
5
10
y 
[cm
]
h=65mm, z=3.4mm
-15 -10 -5 0 5 10 15
-10
-5
0
5
10
x [cm]
y 
[cm
]
h=65mm, z=5.4mm
Figure B.3: vector representation of the spatial variation of the mean velocity in the x-y plane. 
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APPENDIX C: 
Measurements of the Velocity Field 
 
 
 
 
 
 
 
 
 
 
 
Figure C.1: horizontal time-averaged velocity profiles for h = 120 mm. 
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Figure C.2: vertical time-averaged velocity profiles for h = 120 mm. 
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Figure C.3: time-averaged velocity contour plots for h = 120 mm. 
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Figure C.4: time-averaged velocity vector maps and contour plot for h = 120 mm. 
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Figure C.5: horizontal profiles of the Reynolds stresses for h = 120 mm 
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Figure C.6: contour plots  of the Reynolds stresses for h = 120 mm 
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Figure C.7: horizontal profiles of u’ Standard Deviation, Skeweness and Kurtosis for h = 120 mm. 
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Figure C.8: horizontal time-averaged velocity profiles for h = 100 mm. 
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Figure C.9: vertical time-averaged velocity profiles for h = 100 mm. 
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Figure C.10: time-averaged velocity contour plots for h = 100 mm. 
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Figure C.11: time-averaged velocity vector maps and contour plot for h = 100 mm. 
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Figure C.12: horizontal profiles of the Reynolds stresses for h = 100 mm 
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Figure C.13: contour plots  of the Reynolds stresses for h = 100 mm 
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Figure C.14: horizontal profiles of u’ Standard Deviation, Skeweness and Kurtosis for h = 100 mm. 
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Figure C.15: horizontal time-averaged velocity profiles for h = 65 mm. 
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Figure C.16: horizontal profiles of the Reynolds stresses for h = 65 mm 
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Figure C.17: horizontal profiles of u’ Standard Deviation, Skeweness and Kurtosis for h = 65 mm. 
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APPENDIX D: 
Color Intensity Time Series and Statistic 
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Figure D.1: punctual time series of color intensities for h = 120 mm. 
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Figure D.2: punctual time series of color intensities for h = 120 mm. 
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Figure D.3: punctual time series of color intensities for h = 120 mm. 
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Figure D.4: punctual time series of color intensities for h = 120 mm. 
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Figure D.5: punctual time series of color intensities for h = 120 mm. 
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Figure D.6: punctual time series of color intensities for h = 120 mm. 
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Figure D.7: punctual time series of color intensities for h = 120 mm. 
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Figure D.8: punctual time series of color intensities for h = 120 mm. 
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Figure D.9: punctual time series of color intensities for h = 120 mm. 
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Figure D.10: punctual time series of color intensities for h = 120 mm. 
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Figure D.11: punctual time series of color intensities for h = 120 mm. 
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Figure D.12: punctual time series of color intensities for h = 120 mm. 
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Figure D.13: column comparisons of punctual intensity color time series for h = 120 mm. 
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Figure D.14: column comparisons of punctual intensity color time series for h = 120 mm. 
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Figure D.15 column comparisons of punctual intensity color time series for h = 120 mm. 
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Figure D.16: column comparisons of punctual intensity color time series for h = 120 mm. 
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Figure D.17: row comparisons of punctual intensity color time series for h = 120 mm. 
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Figure D.18: row comparisons of punctual intensity color time series for h = 120 mm. 
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Figure D.19: standard deviation, Skeweness and Kurtosis of the color intensity in time contour plots for h = 120 mm. 
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Figure D.20: punctual time series of color intensities for h = 100 mm. 
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Figure D.21: punctual time series of color intensities for h = 100 mm. 
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Figure D.22: punctual time series of color intensities for h = 100 mm. 
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Figure D.23: punctual time series of color intensities for h = 100 mm. 
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Figure D.24: punctual time series of color intensities for h = 100 mm. 
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Figure D.25: punctual time series of color intensities for h = 100 mm. 
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Figure D.26: punctual time series of color intensities for h = 100 mm. 
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Figure D.27: punctual time series of color intensities for h = 100 mm. 
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Figure D.28: punctual time series of color intensities for h = 100 mm. 
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Figure D.29: punctual time series of color intensities for h = 100 mm. 
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Figure D.30: punctual time series of color intensities for h = 100 mm. 
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Figure D.31: punctual time series of color intensities for h = 100 mm. 
 162 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
0 60 120 180 240 300 360
0
20
40
60
80
100
I(t
) [
%
]
I(t) in x=20mm
 
 
z=5.4 mm
z=10 mm
z=20 mm
z=30 mm
0 60 120 180 240 300 360
0
20
40
60
80
100
I(t
) [
%
]
I(t) in x=25mm
 
 
z=5.4 mm
z=10 mm
z=20 mm
z=30 mm
0 60 120 180 240 300 360
0
20
40
60
80
100
t [s]
I(t
) [
%
]
I(t) in x=30mm
 
 
z=5.4 mm
z=10 mm
z=20 mm
z=30 mm
Figure D.32: column comparisons of punctual intensity color time series for h = 100 mm. 
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Figure D.33: column comparisons of punctual intensity color time series for h = 100 mm. 
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Figure D.34: column comparisons of punctual intensity color time series for h = 100 mm. 
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Figure D.35: column comparisons of punctual intensity color time series for h = 100 mm. 
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Figure D.36: row comparisons of punctual intensity color time series for h = 100 mm. 
 167 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
0 60 120 180 240 300 360
0
20
40
60
80
100
I(t
) [
%
]
I(t) in z=20mm
 
 
x=20 mm
x=25 mm
x=30 mm
x=35 mm
x=40 mm
x=45 mm
x=50 mm
x=60 mm
x=70 mm
x=80 mm
x=90 mm
0 60 120 180 240 300 360
0
20
40
60
80
100
t [s]
I(t
) [
%
]
I(t) in z=30mm
 
 
x=20 mm
x=25 mm
x=30 mm
x=35 mm
x=40 mm
x=45 mm
x=50 mm
x=60 mm
x=70 mm
x=80 mm
x=90 mm
Figure D.37: row comparisons of punctual intensity color time series for h = 100 mm. 
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Figure D.38: standard deviation, Skeweness and Kurtosis of the color intensity in time contour plots for h = 100 mm. 
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Figure D.39: punctual time series of color intensities for h = 65 mm. 
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Figure D.40: punctual time series of color intensities for h = 65 mm. 
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Figure D.41: punctual time series of color intensities for h = 65 mm. 
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Figure D.42: punctual time series of color intensities for h = 65 mm. 
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Figure D.43: punctual time series of color intensities for h = 65 mm. 
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Figure D.44: punctual time series of color intensities for h = 65 mm. 
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Figure D.45: punctual time series of color intensities for h = 65 mm. 
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Figure D.46: punctual time series of color intensities for h = 65 mm. 
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Figure D.47: punctual time series of color intensities for h = 65 mm. 
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Figure D.48: punctual time series of color intensities for h = 65 mm. 
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Figure D.49: punctual time series of color intensities for h = 65 mm. 
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Figure D.50: punctual time series of color intensities for h = 65 mm. 
 181 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
0 60 120 180 240 300 360 420 480 540 600 660 720
0
20
40
60
80
100
I(t
) [
%
]
I(t) in x=20mm
 
 
z=5.4 mm
z=10 mm
z=20 mm
z=30 mm
0 60 120 180 240 300 360 420 480 540 600 660 720
0
20
40
60
80
100
I(t
) [
%
]
I(t) in x=25mm
 
 
z=5.4 mm
z=10 mm
z=20 mm
z=30 mm
0 60 120 180 240 300 360 420 480 540 600 660 720
0
20
40
60
80
100
t [s]
I(t
) [
%
]
I(t) in x=30mm
 
 
z=5.4 mm
z=10 mm
z=20 mm
z=30 mm
Figure D.51: column comparisons of punctual intensity color time series for h = 65 mm. 
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Figure D.52: column comparisons of punctual intensity color time series for h = 65 mm. 
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Figure D.53: column comparisons of punctual intensity color time series for h = 65 mm. 
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Figure D.54: row comparisons of punctual intensity color time series for h = 65 mm. 
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Figure D.55: row comparisons of punctual intensity color time series for h = 65 mm. 
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Figure D.56: standard deviation, Skeweness and Kurtosis of the color intensity in time contour plots for h = 65 mm. 
 187 
 
 
  
 188 
 
 
  
 189 
 
REFERENCES 
 
 
Ackerman, J. D. and Okubo, A., 1993, “Reduced mixing in a marine macrophyte canopy”, 
Funct. Ecol, 7, pp 305-309. 
Bhembe, S. S. and Pandey, S. V. G., 2006, “Composite roughness in open-channel flow”, 
Investigational Project Report, School of Civil & Environmental Engineering, University 
of the Witwatersrand, South Africa. 
Carollo, F. G., Ferro, V. and Termini, D., 2001, “Flow velocity measurements in 
vegetated channels”, Journal of Hydraulic Engineering, 128(7), pp 664-673. 
Carollo, F. G., Ferro, V. and Termini, D., 2005, “Flow resistance law in channels with 
flexible submerged vegetation”, Journal of Hydraulic Engineering, 131(7), pp 554-564. 
Chen, Z and Nepf, H. M., 2012, “The wake structure behind a porous obstruction and its 
implications for deposition near a finite patch of emergent vegetation”, Water Resources 
Research., 48, W09517, doi:10.1029/2012WR012224. 
Chow, V. T., 1959, “Open channel hydraulics”, McGraw-Hill Book Company Inc., New 
York. 
Colebrook, C. F. and White, C. M., 1937, “Experiments with fluid friction in roughened 
pipes”, Proc. R. Soc. London, Se. A, 161, pp 367-381. 
Cowan, W. L., 1956, “Estimating hydraulic roughness coefficients”, Agricultural 
Engineering, 37(7), pp 473-475. 
Fisher, K. R., 1992, “The hydraulic roughness of vegetated channels”, Report SR 307, 
Hydraulics Research Ltd: HR Wallingford, UK. 
Fisher, K. R., 1993, “Spatial variations of in-bank hydraulic roughness in channels”, 
Report SR 357, HR Wallingford, UK. 
Ghisalberti, M. and Nepf, H. M., 2005, “Mass transport in vegetated shear flow”, 
Environmental Fluid Mechanics, 5, pp 527-551, doi:10.1007/s10652-005-0419-1. 
Ghisalberti, M. and Nepf, H. M., 2006, “The structure of the shear layer in flows over 
rigid and flexible canopies”, Environmental Fluid Mechanics, 6, pp 277-301. 
Ghisalberti, M. and Nepf, H. M., 2009, “Shallow flows over a permeable medium: the 
hydrodynamics of submerged aquatic canopies”, Transp. Porous Med., 78, pp 309-326. 
Green, J., 2004, “Modelling flow resistance in vegetated streams: review and 
development of new theory”, Hydrological processes, 19(12), pp 1245-1259. 
 190 
 
Green, J., 2005, “Comparison of blockage factors in modelling the resistance of channels 
containing submerged macrophytes”, River Research and Application, 21, pp 671-686. 
Hirschowitz, P. M. and James, C. S., 2009, “ Conveyance estimation in channels with 
emergent bank vegetation”, Water SA, 35(5), pp 607-613. 
Horton, R. E., 1933, “Separate roughness coefficients for channel bottom and sides”, 
Engineering News Record, III(22), pp 652-653. 
HR Wallingford, 2004, “Reducing uncertainty in river flood conveyance”, Phase 2, 
Conveyance Manual. Defra/environment Agency Project W5A-057, United Kingdom. 
James, C. S. and Jordanova, A. A., 2010, “Reach-scale resistance of distributed roughness 
in channels”, River Flow – Dittrich, Koll, Aberle & Geisanhainer (eds) – ISBN 978-3-
939230-00-7. 
James, C. S. and Makoa, M. J., 2006, “Conveyance estimation for channels with emergent 
vegetation boundaries”, Proceedings of the ICE – Water Management, 159, pp 235-243. 
James, C. S., Birkhead, A. L., Jordanova, A. A., Kotschy, K.A., Nicolson, C. R. and 
Makoa, M. J., 2001, “Interaction of reeds, hydraulics and river morphology”, Report No. 
856/1/01, Water Research Commission, Pretoria. 
James, C. S., Goldbeck, U. K., Patini, A. and Jordanova, A. J., 2008, “Influence of foliage 
on flow resistance of emergent vegetation”, Journal of Hydraulic Research, 46(4), pp 
536-542 
Järvelä, J., 2003, “Influence of vegetation on flow structure in floodplains and wetlands”. 
Kadlec, R. H. and Knight, R. L., 1996, “Treatment wetlands”, Lewis Publishers, Boca 
Raton, FL. 
Keulegan, G. H., 1938, “Laws pf turbulent flow in open channel”, J. Nát. Bur. Stand. 
Reasearch Paper 1151, 21:707-741, Washington, D.C. 
Kirkgöz, M., S. and Ardiçlioğlu, M., 1997, “Velocity profiles of developing and 
developed open channel flow”, Journal of Hydraulic Engineering, 123(12), pp 1099-
1106. 
Kouwen, N. and Li, R. M., 1980, “Biomechanics of vegetative channel linings”, Journal 
of the Hydraulics Division, 106(6), pp 713-728. 
Kouwen, N. and Unny, T. E., 1973, “Flexible roughness in open channels”, Journal of 
the Hydraulics Division, 99(5), pp 1085-1103. 
Kouwen, N., Unny, T. E., & Hill, H. M., 1969, “Flow retardance in vegetated channels”, 
Journal of the Irrigation and Drainage Division, 95(2), pp 329-342. 
 191 
 
Luhar, M. and Nepf, H. M., 2013, “From the blade scale to the reach scale: a 
characterization of aquatic vegetative drag”, Advances in Water resources, 51(1), pp 305-
316. 
Manning, R., 1891, “On the flow of water in open channels and pipes”, Trans. Inst. Civil 
Eng., Ireland, 20, pp 161-207. 
Met-Flow, 2000, “UVP Monitor, Model UVP-XW, Users guide”, Met-Flow SA, 
Lausanne, Switzerland. 
Monin, A., S. and Yaglom, A., M., 1971, “Statistical fluid mechanics: mechanics of 
turbulence”,  Volume 1, MIT press, Boston, Mass. 
Moody, L. F., 1944, “Friction factors for pipe flow”, Trans. ASME, 66, 671-684. 
Morin, J., Leclerc, M., Secretan. Y. and Boudreau, P., 2000, “Integrated two-dimensional 
macrophytes-hydrodynamic modelling”, Journal of Hydraulic Research, 38(3), pp 163-
172. 
Nepf, H. M. and Vivoni, E. R., 2000, “Flow structur in depth-limited, vegetated flow”, 
Journal of Geophysical Research, 105(C12), pp 28547-28557. 
Nepf, H. M., 2011, “Flow and transport in regions with aquatic vegetation”, Annual 
Review of Fluid Mechanics, 44(1), pp 123-142. 
Nepf, H. M., 2012, “Hydrodynamics of vegetated channels”, Journal of Hydraulic 
Research, 50(3), pp 262-279. 
Nikora, V., Goring, D. and Biggs, B., 1998, “Silverstream eco-hydraulics flume: 
Hydraulic design and tests”, New Zealand Journal of Marine and Freshwater Research, 
32(4), pp 607-620, doi:10.1080/00288339.1998.9516848. 
Nikora, V., Goring, D., McEwan, I. and Griffiths, G., 2001, “Partially averaged open-
channel flow over rough bed”, Journal of Hydraulic Engineering, 127(2), pp 123-133. 
Nikora, V., Larned, S., Nikora, N., Debnath, K., Cooper, G. and Reid, M., 2008, 
“Hydraulic resistance due to aquatic vegetation in small streams: field study”, Journal of 
Hydraulic Engineering, 134(9), pp 1326-1332. 
Nikora, V., McEwan, I., McLean, S., Coleman, S., Pokrajac, D. and Walters, R., 2007, 
“Double-averaging concept for rough-bed open-channel and overland flows: theoretical 
background”,  Journal of Hydraulic Engineering, 133(8), pp 873-883. 
Nikuradse, J., 1933, “Strömungsgesetze in rauhen Rohren”, Forschungsheft 361. 
Ausgabe B. Band 4. 
Nortek, 2004, “Vectrino velocimeters user guide”, Nortek AS, Norway. 
 192 
 
Palmer, M. R., Nepf, H. M., Petterson, T. J. R. and Ackerman, J. D., 2004, “Observations 
of particle capture on a cylindrical collector: implications for particle accumulation and 
removal in aquatic systems”, Limnol. Oceanogr., 62, pp 223-239.  
Pavlosky, N. N., 1931, “On a design formula for uniform flow, movement in channels 
with non-homogeneous walls”, Transactions of All-Union Scientific Research Institute of 
Hydraulic Engineering, Leningrad, 3, pp 157-164. 
Petryk, S. and Bosmanjian, G., 1975, “Analysis of flow through vegetation”, Journal of 
the Hydraulics Division, 101(HY7), pp 871-884. 
Ree, W. O. and Palmer, V. J., 1949, “Flow of water in channels protected by vegetative 
linings”, U.S. Dept. of Agriculture, Feb. 1949, 115 pp. 
Righetti, M. and Armanini, A., 2002, “Flow resistance in open channel flows with 
sparsely distributed bushes”, Journal of Hydrology, 269(1), pp 55-64. 
Rouse, H., 1965, “Critical analysis of open-channel resistance”, Journal of the Hydraulics 
Division, 91(HY4), pp 1-25. 
Savio, M., 2014, “PhD 7th month report”, University of Aberdeen. 
Smits, A. J. and Lim, T. T., 2000, “Flow visualization. Techniques and examples”, 
London, Imperial College Press. 
Stephan, U. and Gutknecht, D., 2002, “Hydraulic resistance of submerged flexible 
vegetation”, Journal of Hydrology, 269(1-2), pp 27-43. 
Stewart, M., T., 2014, “Turbulence structure of rough-bed open-channel flow”, PhD 
Thesis, University of Aberdeen. 
Sukhodolov, A. N. and Sukhodolova, T. A., 2010, “Case study: effect of submerged 
aquatic plants on turbulence structure in a lowland river”, Journal of Hydraulic 
Engineering, 136(7), pp 434-446. 
United States Soil Conservation Service, 1963, “Guide for selecting roughness coefficient 
‘n’ values for channels”, United States Department of Agriculture, Soil Conservation 
Service, Washington, D. C.. 
Watson, D, 1986, “The effects of aquatic macrophytes on channel roughness and flow 
parameters”, PhD Thesis, University of Southampton. 
Watson, D, 1987, “Hydraulic effects of aquatic weeds in UK rivers”, Regulated Rivers: 
Research & Management, 1(3), pp 211-227. 
White, B. and Nepf, H., 2007, “Shear instability and coherent structures in a flow adjacent 
to a porous layer”, J. Fluid Mech., 593, pp 1-32. 
 193 
 
Wilson, N. R. and Shaw, R. H., 1977, “A higher order closure model for canopy flow”, 
J. Appl. Meteor., 16, pp 1197-1205. 
Yen, B. C., 2002, “Open channel flow resistance”, Journal of Hydraulic Engineer, 
128(1), pp 20-39. 
Zong, L. and Nepf, H., 2010, “Flow and deposition in and around a finite patch of 
vegetation”, Geomorphology, 116, pp 363-372. 
Zong, L., Ortiz, A., Zong, L. and Nepf, H. M., 2011, “Vortex development behind a finite 
porous obstruction in a channel”, J. Fluid Mech., doi:10.1017/jfm.2011.479. 
 
 
 
